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The Hidden Thief 


Electrochemistry at Dow 


CORROSION .. controlled by DOW MAGNESIUM 
ANODES 


Every year finds a hidden thief stealing 
billions of dollars from industry. This 
silent intruder . . . corrosion . . . has been 
thwarted by many preventive measures 
but never completely stopped. In recent 
years, various cathodic protection sys- 
tems have been devised to delay more 
effectively the inroads made by corrosion. 
Increasingly important in this field are 
expendable magnesium galvanic anodes 
. . . another product of Dow electro- 
chemical research. Theoretically . . . 
magnesium’s low equivalent weight and 
high electrode potential made it ideal 
for use as a galvanic anode. However, it 


took years of research to develop 


“Galvo-Pak*” a commercially practical 
source of current for cathodic protection. 
As is the case with all electrochemical 
research at Dow . . . the problem was 
tackled with careful evaluation and 
study of all the factors involved. The 
results have been excellent. New alloys 
were developed that greatly improved 
the current efficiency and useful life of the 
anode. Installation problems were solved 
through extensive field testing. And, 
various types of magnesium anodes were 
developed to meet the needs of different 
industries. ‘Today, electrochemistry at 
Dow has given industry another product 
to combat corrosion. 


*Rexistered trade-mark of Dowell Incorporated 


THE DOW CHEMICAL COMPANY « MIDLAND, MICHIGAN 
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For detailed reports on Magnesium Anodes 
refer to the following articles: 
Developing Magnesium for Cathodic Pro- 
tection— Porter Hart and Y. W. Tittering- 
ton, Corrosion, Vol. 1, No. 2, June, 1945. 
Magnesium as a Galvanic Anode—H. A. 
Robinson, Transactions of the Electro- 
chemical Society, Vol. 90, p. 485, 1946. 
Magnesium Anodes for the Cathodic Pro- 
tection of Underground Structures—H. A. 
Robinson, Corrosion, Vol. 2,No.4,Oct, 1946. 
Fundamental Characteristics of Mag- 
nesium Galvanic Anodes—H. A. Robinson, 
Cathodic Protection—a symposium by 
The Electrochemical Society and The 
Nat. Association of Corrosion Engineers. 


DOW 


CHEMICALS 


INDISPENSABLE TO INDUSTRY 
AND AGRICULTURE 
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Editorial 


After Four Years 


iy ITH THIS issue the JourRNAL completes its fourth year. 
Prior to 1948, the Transactions had been the sole technical publication of the 
Society and, upon the establishment of the JouRNAL, it was decided to continue 
production of the bound volumes but drop preprints. The page size of the JouRNAL 
accordingly was set to match that of the older publication. When two years later the 
TRANSACTIONS were discontinued, the format of the JouRNAL was enlarged and the 
present attractive cover adopted. In previous years technical publication was closely 
tied to the technical programs of national Society meetings. In theory at least, papers 
scheduled for presentation were always preprinted and mailed to members before the 
meetings. They were published along with any discussion in the TRANSACTIONS some 
months after the meetings. There is no doubt that preprinting does foster discussion 
and that discussion is often the most profitable part of a meeting. 

Under the new publication policy, it soon became apparent that it would be im- 
practical to publish before presentation. Moreover, prospective authors accustomed 
tothe policy of other societies of not requiring publication prior to presentation objected 
to furnishing more than abstracts of their papers for the meeting programs. For these 
reasons, it became necessary to sever all association of programs and publication. The 
success of this divorce may be seen in the improvement which has occurred in both 
meetings and published papers. Many more papers are presented at meetings and 
with more to choose from it has been possible to raise the standard of the quality of 
those accepted for publication. 

The JouRNAL combined the technical material of the TRANSACTIONS and the news 
and current affairs information of the BULLETIN and immediately made a place for 
itself on the current periodical shelves of libraries. This advent has been mainly 
responsible for the fact that the Society and its technical publication have become 
more widely known and respected. ' 

The JouRNAL is the official organ of the Society and should be what members want. 
During these four years, the editors have attempted to provide what they thought 
was wanted. They could be wrong. This year eleven per cent more technical pages 
are being published than in 1950, but fewer pages of current affairs and news. Is this 
a desirable trend? Expression of opinion and suggestions are invited. —RMB 
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Some conditions that affect 


properties of Electrodeposits 


A study of properties obtained by depositing nickel 
under various conditions reveals specific trends. In 
making each experiment only one condition was varied 
while all other factors remained constant. 


EFFECT OF THICKNESS 


As thickness varies, the variation in properties of de- 
posits from the Watts type bath is especially significant. 
The variation of hardness, tensile strength and elonga- 
tion is most pronounced with thin deposits, as shown 
in Figures 1 and 2. 


NCE FROM BASIS METAL 


J, Variation in hardness of nickel deposit with posi- 
tion of indentation on cross se7i.on (Watts bath). 


Tensile strengths of specimens, 0.0005, 0.001, and 
0.007 inch, heated to 1000°C in vacuo for an hour, 
showed no variation with thickness, indicating that the 
differences in the metal as-deposited were caused by 
differences in the structure of the deposits and not by 
the thickness as such. In general, grain size of a deposit 
from the Watts bath increases with distance from the 
basis metal. In contrast, grain size of a deposit from 
the all-chloride bath did not vary with the thickness. 


EFFECT OF pH 


Harder deposits of nickel were obtained at the higher 
end of the pH range than at the lower end. Deposits 
from a Watts bath showed minimum hardness at 3 to 4 
PH while deposits from an all-chloride bath increased 
continuously in hardness as the pH rose. Tensile 
strength varies with pH in approximately the same 
relationship as hardness. 


THE INTERNATIONAL NICKEL 
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2. Variation of tensile strength and elongation with 
thickness of nickel deposit (Watts bath). 


A fund of data, important not only in electro-forming, 
but also in predicting performance of nickel plated 
articles, has been developed by the study. 


A.E.S. RESEARCH PROGRAM 


The American Electroplaters’ Society is conducting a 
comprehensive research program and has developed 
useful information on current plating problems. Inter- 
national Nickel, in addition to its other support of this 
program, feels that it will be a further service to make 
copies of these A.E.S. Research Reports available. 


We offer you a free copy of this authoritative, de- 
tailed, 21-page study. Simply fill in and return th 
coupon below. 


oF 


The International Nickel Company, Inc. 
Dept. JES, 67 Wall Street, 
New York 5, N. Y. 


Please send me a copy of A.E.S. Research 
Report, Serial No. 12 entitled “Physical 
Properties of Electrodeposited Metals.” 
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Refractory Bodies Composed of Boron and 
Titanium Carbides Bonded with Metals’ 


James A. Netson, Tracy A. WILLMORE, AND RaymMonp C. WoMELDORPH 


Department of Ceramic Engineering, Univesrity of Illinois, Urbana, Illinois 


ABSTRACT 


Titanium carbide and boron carbide each have physical properties which are desirable 
in creating a light material that can retain its strength through rapid temperature 
changes and with use at sustained elevated temperatures (815°C and above). In the pres- 
ent study, mixtures of these carbides, in finely divided form, were compacted with sev- 
eral different metals and fired in an argon atmosphere at temperatures ranging from 
1925° to 2065°C. The reactions occurring between the carbides and metals are discussed 
and the compositions showing the greatest promise for further work are indicated. 


INTRODUCTION 


The desire for higher operating temperatures of 
flight-propulsion units has greatly increased the de- 
mand for materials which will give satisfactory serv- 
ice at temperatures greater than 800°C. Such mate- 
rials must resist thermal and mechanical shock and 
have a high strength-weight ratio at elevated tem- 
peratures. They must have resistance to the corrosive 
effects arising from various fuels and atmospheres 
and withstand erosive conditions created by hot, 
high-velocity gases. 

In an effort to develop materials suitable for high 
temperature applications in jet engines and rockets, 
considerable research has been done on refractory 
metals, silicates, oxides, graphite, combinations of 
metals with oxides, and combinations of metals with 
interstitial compounds. The most encouraging re- 
sults seem to have been obtained with combinations 
of metals and carbides, although further work with 
other interstitial compounds (borides, nitrides, sili- 
cides) may prove them to have superior qualities. 

From a review of the work that has been done, it 
appeared that combinations of titanium carbide, 
boron carbide, and the metals cobalt, chromium, 
iron, titanium, and nickel, each metal being used 
singly, offered promise of meeting the stringent re- 
quirements outlined above. This belief was further 
supported by a patent (1) granted in 1934 to Moers, 
Schroeter, and Wolff which indicated that, composi- 
tions similar to those proposed had merit. In view of 
these considerations, a research program? was insti- 
tuted to investigate combinations of such materials. 

'Manuseript received April 28, 1951. This paper prepared 


for delivery before the Washington Meeting, April 8 to 12, 
1951. 

* This investigation is being conducted as an Engineering 
Experiment Station Project in the Department of Ceramic 
Engineering at the University of Ilinois under the sponsor 
ship of the Power Plant Laboratory of the Air Materiel 
Command, Wright-Patterson Air Force Base. 
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Initial exploratory tests with boron carbide and 
nickel established that nickel boride(s) were formed 
when the two were heated together at temperatures 
approaching 1925°C. Marked expansion during firing 
and the resulting deleterious effect on the specimen 
structures led to analysis, by x-ray techniques, for 
chemical alteration of the original constituents. 

When the preliminary tests were expanded to 
include the use of either nickel or iron with combina- 
tions of boron carbide and titanium carbide, it was 
further established that either nickel or iron borides 
formed and that a reaction also oo between 
the carbides. Subsequent x-ray studies ideftified the 
reaction products of the two carbides as the diboride 
of titanium (TiBs) and graphite. 

The possibility of such destructive reactivity was 
not indicated by the literature when the program 
Was initiated. In view of the widespread interest in 
interstitial compounds and to provide material aid 
in formulating refractory compositions involving car- 
bides, borides, and metals, it was decided to study, 
as a supplementary issue to the main investigation, 
the chemical reactions occurring in mixtures of boron 
carbide, titanium carbide, and the metals nickel, 
cobalt, iron, chromium, or titanium. 


Discussion of the Problem 


Titanium carbide (TiC) was chosen as one com- 
ponent of refractory compositions because of its 
reported (2) high thermal shock resistance and 
strength at elevated temperatures. Furthermore, ad- 
dition of 5 to 10 per cent TiC to sintered articles 
composed chiefly of boron carbide (ByC) and silicon 
carbide (SiC) was said to minimize the tendency of 
such articles to crack during forming or cooling (3). 
Boron carbide was selected as a second component 
because it should decrease the density of the compo- 
sitions. It was thought that the desirable properties 
of these compounds might be retained in a strong, 
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low-density, composite material bonded with a suit- 
able metal and that the metal bond itself would give 
added resistance to mechanical and thermal shock. 

Titanium carbide has been successfully bonded 
with nickel, iron, cobalt, and chromium using ortho- 
dox sintering techniques (4-8). Molten chromium 
has been reported (9) to form a bonding phase with 
hot-pressed titanium carbide. In the same study, 
limited solubility between titanium carbide and 
nickel or cobalt was also disclosed. Apparently chem- 
ical reaction does not take place between titanium 
carbide and iron, cobalt, nickel, or chromium. 

The choice of titanium as a bonding metal for 
either boron carbide or titanium carbide or combina- 
tions thereof has no positive precedents. It has been 
reported (9) as not forming a bonding phase with 
hot-pressed titanium carbide, but Goetzel (10) has 
called attention to the possibility of reaction between 
boron carbide and titanium metal. The low density 
of this metal (4.54 g/em*) would make it valuable 
as a bonding agent. 

Bonding experiments were reported in which vari- 
ous metals were melted in hot-pressed boron carbide 
“cups” (11). It was found that nickel, cobalt, and 
iron formed bonding phases while chromium physi- 
cally wets the boron carbide, but showed no tend- 
ency to dissolve or to react with it. Subsequent work 
with a boron carbide-iron ceramal (12) showed that 
a reasonably strong, low-density body could be pro- 
duced by sintering a combination of 36 per cent Fe 
and 64 per cent B,C for one hour at 2065°C in an 
atmosphere of helium. 

A study of the mechanism of diffusion in the ce- 
mentation of iron and nickel by chemical compounds 
(13) showed that when nickel cylinders were em- 
bedded in boron carbide and heated, nickel boride 
(NieB) was formed in the surface layers. This reac- 
tion occurred at temperatures as low as LOOO°C. 
Conversely, it was speculated (11) that the bonding 
zone between nickel or cobalt and hot-pressed boron 
carbide is formed by the molten metal selectively 
dissolving a portion of the carbide. 

A claim has been made (14) that boron carbide 


” 


“alloys” with most common metals if such combi- 
nations are heated to fusion, and that upon cooling, 
the boron carbide separates as a distinct crystalline 
phase, with the metal solidifying in the interstices 
between such crystals. The presence of boron carbide 


as a separate phase in these ‘‘alloys’’ (as claimed in 
this patent) would seem to support a nonreaction 
theory between it and the metals. 

The ability of boron carbide and titanium carbide 
to coexist as such in fused or sintered masses is ap- 
parently supported by several patents. An abrasive 
composition (15), formed from a fused mass and 
composed primarily of boron carbide with minor 
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additions of titanium carbide, is said to have the 
titanium carbide present as part of a eutectic mixture 
which is in the form of finely divided particles or. 
when the titanium carbide content is raised, as sepa- 
rate crystalline plates in addition to the fine particles 
of the eutectic mixture. Similarly, a dense, nonmetal- 
lic refractory (3) has been patented in which titanium 
carbide (or other monocarbides) may be embedded 
in a matrix of boron carbide. A portion of the tita- 
nium carbide is said to be preferably dissolved in the 
boron carbide matrix. 

Moers, et al. (1), claim compositions containing 
both boron carbide and titanium carbide with auxil- 
iary metals from the iron group. It might be con- 
cluded that, if reaction occurs between the initial 
components, the products are not detrimental to 
sintering. The boron carbide used was compounded 
specifically for these alloys and had an approximate 
of 6:1. This may mean that 
excess boron was present; perhaps as a solution of 
boron in ByC as has been suggested by Clark and 


boron:ecarbon ratio 


Hoard (16). It has also been proposed (17) that sin- | 


tered combinations of titanium carbide and boron 
carbide produce double carbides or solid solutions. 


EXPERIMENTAL PROCEDURE 


All carbides and metal powers used in this stud) 
were obtained from commercial sources*. The boron 
carbide had an average particle size of 11 microns 
with 93 weight per cent being less than 15 microns 
and seven per cent ranging between 15 and 50 mi- 
crons. The particle size of the titanium carbide and 
all of the metals employed in this investigation 
ranged from a maximum of 44 microns (325-mesh) 
to less than one micron. It was realized that the 
particle size distributions of the constituents were 
not the best for sintering efficiency. However, the 
materials were considered to be fine enough for a 
study of the reactions involved and to give an indi- 
cation of the sintering and physical characteristics 
of the bodies. 

Analyses of the carbides, as furnished by their 
producers, are given in Table I. 

The carbides, metals, and a pressing lubricant 
were mixed in an agate mortar. The addition of lu- 
bricant equivalent to three to five per cent of the 
batch weight was ordinarily found sufficient to give 
satisfactory pressing properties and good green 
strength. The lubricant’ was dissolved in hot ben- 
zene and mixed with the carbide-metal combination 


3 No. 99 Grade B,C from Norton Co.; TiC from Titanium 
Alloy Mfg. Div., National Lead Co.; Cr, Co, Ti from A. D 
Mackay, Ine.; Ni from Metals Disintegrating Co.; Fe from 
General Aniline & Film Corp. 

*“Parowax”’ from the Standard Oil Company (Indiana), 
“Carbowax 4000” from the Carbide and Carbon Chemicals 
Company. 
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to form a smooth paste. The mixtures were ground 
continuously with an agate pestle until the benzene 
had evaporated. The batch was then granulated 
through a 40-mesh sieve and used in pressing speci- 
mens 1.27 centimeters in diameter and approximately 
0.95 centimeters high at 50,000 psi in a hardened 
steel mold. The diameter and height of each pellet 
were measured accurately with & micrometer. 

The experimental bodies are listed in Table IT. 
Materials were not combined in stoichiometric ratios 
to promote specific reactions since it was desirable 
to know how the firing characteristics would be af- 
fected over a range of compositions. 

A specially constructed furnace was employed to 
remove the wax from the specimens. The tempera- 
ture was raised to 300°C in three hours while anneal- 
ing gas (93% N.-7% He) was circulated through the 
heating chamber. This temperature was held for six 


TABLE I. Chemical composition of the carbides 


Boron Titanium 

carbide carbide 
B 77.23 
Ti 75.96 
C, Total 22.10 20.54 
Uncombined C 2.53 
Fe 0.10 1.50 
N 0.70 
| 0.30 
Si | - 0.09 
Al 0.05 
Cr | 0.05 
Ca 0.03 
Cb | 0.03 
Mn 0.01 

0.005 


Cu 


hours, which was sufficient time for the wax to be 
removed. Dewaxing in annealing-gas atmosphere 
was necessary to preclude the possibility of oxidiz- 
ing the carbides and metals. 

The specimens were fired in the tungsten resistance 
furnace diagramed in Fig. 1. The heating element, 
which consisted of a helical coil of six turns made 
from 0.32 centimeters diameter tungsten rod, was 
connected to water-cooled copper electrodes. Power 
was supplied to the element through a 20 to | step- 
down transformer, the secondary of which was con- 
nected to the electrodes. The input to the furnace 
was controlled by means of a 7.0 kva Variae con- 
nected to the primary of the transformer. Primary 

Voltage could be varied selectively between 0 and 
270 volts. 

In firing, the specimen was located at the center of 
| the helical element. This was accomplished by plac- 
ing it on a setter of the same composition as the 
specimen; the setter in turn was supported by a 
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molybdenum platform. A double radiation shield 
was placed around the tungsten heating element. 
The inner section was made of molybdenum and the 
outer of stainless steel; these were arranged concen- 
trically with a 1.27 centimeter gap between them. 
The shield was capped with a light-gauge molybde- 


TABLE II. Experimental compositions 


Per cent by weight 


Metal carbide 

C-42 none 31.57 68.43 
C-3 20 Ni — 8O 
C-4 29.8 Ni 70.2 — 
C-7 20 Ni 10 70 
C-8 20 Ni 20 60 
C-9, 20 Ni 30 50 
C-14 20 Fe — SO 
C-12 20 Fe 80 - 
C-15 20 Fe 10 70 
C-16 20 Fe 20 60 
C-l1 30 Fe 70 
C-18 30 Fe 10 60 
C-19 30 Fe 20 50 
C-20 30 Fe 30 40 
C-24 30 Fe 50 20 
C-23 30 Fe 60 10 
C-43 20 Co — SO 
C-50 20 Co SO 
C-44 20 Co 10 70 
C-45 20 Co 20 60 
C-46 20 Co 30 50 
C-47 20 Co 50 30 
C-48 20 Co 60 20 
C-49 20 Co 70 10 
C-38 20 Ti — 80 
C-37 20 Ti 80 — 
C-39 20 Ti 70 10 
C-40 20 Ti 60 20 
C-41 20 Ti 5O 30 
C-27 20 Cr — 80 
C-25 20 Cr SO — 
C-28 20 Cr 10 70 
C-29 20 Cr 20 60 
C-26 40 Cr 60 — 
C-31 30 Cr 20 50 
C-32 30 Cr 30 40 


num plate. For temperature measurements, an opti- 
cal pyrometer was sighted through a Pyrex window 
in the furnace door. Temperature measurements were 
not corrected for absorption by the window nor for 
variations in emissivity. The latter correction was 
thought unnecessary since black conditions 
were approached. 

A mechanical vacuum pump was used to evacuate 
the furnace chamber to approximately 50 microns of 
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mercury. Dried, oxygen-free argon was then intro- 
duced into the furnace until the pressure in the 
chamber slightly exceeded eight centimeters of mer- 
cury above atmospheric pressure. At this pressure the 
argon circulated through the system and escaped 
through a column of mercury. After flushing the sys- 
tem in this manner for about ten minutes, the argon 
was cut off and the furnace evacuated again. Argon 
was then readmitted to the furnace and allowed to 
circulate for the first 15 minutes of the firing cycle. 
Thereafter, the argon was cut off and firing proceeded 
in a static argon atmosphere at a pressure of eight 
centimeters of mercury above atmospheric pressure. 
The specimens were brought up to the maximum 
firing temperature, either 1925° or 2065°C in about 
one hour, held at temperature for one-half hour, and 
then allowed to cool with the furnace. 


J 


A 
| 
| 
| | \ 
N 8 


The fired specimens were examined visually, re- 
measured, and sawed in half with either a diamond 
saw or a silicon carbide cutting wheel. One half of 
each specimen was left intact to show the internal 
structure of the specimen; the other was crushed in 
au hardened steel mortar and pestle until it passed 
through a 200-mesh screen, and the powder was then 
x-rayed with a Norelco x-ray spectrometer. The 
X-ray patterns were analyzed to determine if reac- 
tions had occurred. Identification of the phases pres- 
ent was made, in most instances, by comparison of 
their “d’’-spacings with those recorded in the ASTM 
card index. The recorded ‘‘d’”’-spacings for TiB, were 
obtained from the Norton Company. 

EXPERIMENTAL RESULTS 

Harmful effects on structure arising from chemical 
reactions Within the three component bodies were 
noted in the initial tests involving either nickel or 
iron as a bond for combinations of ByC and TiC. It 
Was apparent that, in addition to the formation of 
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the borides of the added metal, there was also a re. 
action between ByC and TiC since the same unidep- 
tified peaks always appeared in the x-ray patterns, 
The products of this reaction were later established 
using the following procedure: 

A simple two-component combination (body C-42) 
consisting of 31.57 per cent ByC and 68.43 per cent 
TiC’ was prepared, since in these proportions it 
should satisfy the equation: 


2TIC + B,C 2TiB, + 3C 


When specimens of this composition were fired at 
1650°C for one-half hour, it was found by X-ray 
methods that the above reaction had already started, 
Titanium diboride and graphite were present, but 
the reaction was not nearly complete as peaks for 
B,C and TiC were still found. When the firing tem- 


Fig. 1. Sechematie diagram of tungsten resistance 
furnace and auxiliary equipment. A—furnace cham- 
ber, B 


water-cooled electrodes, E 


tungsten coil, C—water-cooled shell, D 
Variae, 
gas dry- 
mechanical vae 


transformer, F 

G—furnace containing copper turnings, H 
argon supply, J 

tilting MeLeod gauge, L 


ing chamber, I 


uum pump, Kk gas outlet. 


perature was increased to 1925°C, the intensity of 


the TiB, and graphite peaks increased while very 
weak peaks for TiC appeared. The reaction was es- 
sentially complete in specimens fired at 2065°C for 
one-half hour as only peaks for TiBs and graphite 
appeared in the x-ray patterns. 

Although the products of this reaction were not 
definitely identified until after the attempts to bond 
these carbides with metals were well under way, the 
above results are placed foremost because of their 
close relationship to those subsequently described. 


Nickel-Boron Carbide-Titanium Carbide 


Combinations 

Body C-3 became very hard and strong when fired 
at 1925°C (see Table II1). Such results are consistent 
with those obtained for similar commercial materials. 
This specimen was sufficiently hard so that it was 
possible to make a polished section for metallo- 

>The TiC used in body C-42 was acid washed until no 
test for Fe was obtained. 
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graphic study. No other bodies in the nickel series 
could be polished as their weak bond allowed the 
surface particles to be pulled away. Nickel and TiC 
were the only phases present in the fired C-3 speci- 
men, and no indications of reaction or solid solution 


were found. 


Contrasted with body C-3, body C-4 developed 


negligible strength when fired at 19 


25°C. The phases 


present were nickel boride(s), ByC, and graphite. 
Specimens of body C-9, fired at 1925°C, were very 
soft and friable and exhibited permanent expansion. 
Analysis of the fired material revealed the formation 
of TiBs; complete conversion of the nickel to bo- 
ride(s); the presence of graphite and unreacted B,C; 
and the absence of TiC. 
Reducing the ByC content of this composition to 
ten per cent and increasing the TiC to 70 per cent, 


TABLE ILI. 


Original com- 
position per cent 


74 by weight 
Ni BC TiC 
C-3| 20 SO 


30) 70 


C-7 20,10 70 


C-8} 20 | 20 | 60 


C-9 20 | 30) 50 


and fired at 1925°C 


Phases present 
(fired specimens) 


Ni, TiC 


Nickel boride(s), 
B,C, C 

Nickel boride(s), 
TiB., TiC, C 


Nickel boride(s), 
TiB., TiC, C 

Niekel boride(s), 
TiB., B,C, C 


Characteristics of bodies containing nickel 


Fired condition 


Hard and strong; 
shrank 

Very weak; ex- 
panded 

Stronger than 
and C-9 but 
much weaker 
than C-3; slight 
shrinkage 

Properties very 
similar to C-9 

Very soft and fri- 
able; expanded 


as in body C-7, produced a marked increase in fired 
strength. This specimen was much less friable and a 
slight firing shrinkage was noted. However, the ulti- 
mate strength was well below that of body C-3. The 
fired properties of body C-8 were intermediate be- 
tween C-7 and C-9 but they more closely approached 
those of C-9. The phases present in the latter two 
bodies were the same as those in body C-9, except 
that both contained some unaltered TiC but no 


BC. 


Tron-Boron Carbide-Titanium Carbide 


Combinations 


A material with an extremely hard and dense 
structure was produced when 80 per cent TiC was 
combined with 20 per cent iron and fired at 1925°C 
(see Table IV). The fired product still contained 
TiC and Fe. In comparison, attempts to bond B,C 
with Fe resulted in chemical reaction and complete 
conversion of Fe to iron borides. This meant that 


the fired strength developed in these bodies was not 
due to a metal phase. 

Bodies C-11 and C-12 shrank slightly after firing 
at 1925°C and were moderately strong, although they 
were not as strong as iron-bonded TiC. No significant 
change in the fired properties resulted from the 
increased Fe content of C-11. In addition to FeB, 
these bodies contained unaltered ByC and graphite. 

Specimens containing 20 per cent Fe and varying 
proportions of ByC and TiC had hard, dense-appear- 
ing structures only when the ByC content did not 
TABLE IV. 


Characteristics of bodies containing tron and 
fired at 1925°C 


Original com- 
position per 


Body ce weig Phases present 
Me, (fired specimens) Fired condition 
Fe TiC 
C-14| 20} — | 80 | Fe, TiC Hard and strong; 


shrinkage 
Moderately 
strong but not 


C-12| 20) 80 FeB, ByC, C 
as strong as 
C-14; slight 
shrinkage 


C-11 30. 70 FeB, ByC, C Very similar to 
| C-12 

C-15 20 10 70) FeB, TiB:, FesB, | Similar to C-12 
TiC, C 

C-16 20 20) 60) FeB, TibBs, FesB, Less strong than 
TiC, C C-15; slight ex- 

pansion 

C-18 30 10 60) FeB, TiBs, FeoB, | Stronger than 
TiC, C C-11; shrinkage 

C-19 30 20) 50, FeB, TiBs, Fe.B, | Weak; expanded 
TiC, C 


C-20 30 30 40.) FeB, TiBs, C) Weakest of the 
iron bodies; ex- 
panded 

Slightly stronger 
than C-20 but 
still with low 
ultimate 
strength 

Strength slightly 
lower than C-18 


C-24 30) 50 | 20 | FeB, TiB., C 


C-23. 30 60 10) FeB, TiBs, C 


exceed ten per cent. An increase in ByC above ten 
per cent caused a slight permanent expansion in the 
fired compositions with a lowering of their strength 
and hardness. These effects were more pronounced 
when the firing temperatures were increased from 
1925° to 2065°C. The x-ray patterns of this series had 
the principal peaks of TiBs, FeB, TiC, and graphite; 
two weak peaks corresponding to d = 2.12 A and 
2.56 A were attributed to Fe.B. 

The compositions containing 30 per cent Fe by 
weight displayed trends similar to the preceding 
series. Body C-18 developed a higher strength than 
body C-11 but the fired strength declined rapidly 


ariae, 
s dry- 
| vae 
vutlet. 
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when the B,C was increased to 20 and 30 per cent, 
respectively, at the expense of the titanium carbide 
(bodies C-19 and 20). When the ByC content was in- 
creased to 50 and 60 per cent, an increase in strength 
over that of body C-20 was noted. The 60 per cent 
B.C specimen (body C-23) was judged to have a 
fired strength slightly lower than that of body C-18. 
These trends held for series of specimens fired at 
either 1925° or 2065°C. The increased firing tempera- 
ture had little influence on the strength of the indi- 
vidual bodies. In all fired bodies of the 30 per cent 
Fe series which had originally contained a combina- 


TABLE V. Characteristics of bodies containing cobalt and 
fired at 2065°C 


Original com- 
position per 

Body cent by weight Phases present Fired condition 
No. (fired specimens) 


Co BC. TiC 


C-43) 20) - 80 | Co, TiC Strong, dense, 
and hard 

Soft, and friable; 
expanded 

Strongest 
containing B,C 
but not as 
strong as C-43 


Strength de- 


C-50 20 80 CoB, C 


C-44 20 10 70) ~CoB, TiB:,C, TiC, 


Co.B* 


body 


C-45 20 20 60 
C-46, 20 50 
C-47, 20 50-30 


CoB, TiB., C 
CoB, TiBs, C 
CoB, TiBs, C, ByC 


creased and 
permanent ex- 
pansion in- 

creased in pro 
gressive 
from body C-45 


steps 


to C-47; C-47 
was very soft 
C-48 20 60 20. Cob, TiB., C, BsC Stronger than 


C-47 but not as 
strong as C-44 
Stronger than 
C-48 but not as 
strong as C-44 


C-49 20 70 10) CoB, TiBs, C, ByC 


* Tentative identification. 


tion of the two carbides, TiB., FeB, and graphite 
were present. In addition, Fe.B was always present 

as evidenced by peaks corresponding to d = 1.64 
A, 2.13 A, and 2.56 A—when the B,C content was 
30 per cent or less. Titanium carbide could be verified 
as a separate phase when the B,C content did not 
exceed 20 per cent. Boron carbide as a separate 
phase could not positively be identified until the 
B,C content was raised to 60 per cent. The existence 
of a strong line at 2.38 A for FeB may have masked 
the most intense line of BysC when the original com- 
position had the proportions 30% Fe-50% ByC-20% 


TiC. 
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Cobalt-Boron Carbide-Titanium Carbide 
Combinations 


The fired characteristics of the cobalt series paral- 


- leled those of the iron-bearing compositions but the 


ultimate strengths of the specimens were lower (see 
Table V). Body C-50 contained CoB and ByC whey 
it had been fired at 2065°C. Specimens of this body 
exhibited permanent expansion and were friable, 
They were much weaker than the comparable speci- 
mens containing iron 

The three component mixtures, fired at 2065°C, 
contained CoB and TiBs, in every case and in most 
instances either B,C or TiC, depending upon the 
ratio in which these carbides were present in the 
original compositions. Body C-44 was the most 
promising composition in this group as it displayed 
the greatest strength. Then, as the composition was 
altered by additional ByC replacing part of the TiC, 
the permanent expansion increased and the fired 
strength decreased. However, this trend was reversed 
and a gain in strength was found when B,C ap- 
proached 70 per cent. Considering these bodies as a 
group, they were not well sintered. 


Titanium-Boron Carbide-Titanium Carbide 
Combinations 


Additions of 20 per cent of Ti to ByC or TiC did 
not create a bond for either carbide when such com- 
positions were fired at 2065°C. In each case the metal 
phase disappeared. When in combination with B,C, 
the Ti was converted to TiBs. Only TiC was found 
in the fired specimens made from Ti and TiC. This 
was in part due to the presence of free carbon in the 
TiC which reacted with the Ti. It is also possible 
that TiC deficient in carbon was formed. 

Body C-41 (20% Ti-50% BiC-30% TiC) was 
very friable when fired at 2065°C. The Ti and TiC 
had reacted with the ByC to form TiBy. Some B,C 
remained, indicating that not quite all of the B,C 
was required to complete these reactions. Increasing 
the ByC at the expense of TiC had no significant ef- 
fect on the strength of the specimens. 


Chromium-Boron Carbide-Titanium Carbide 
Combinations 

Several peaks appeared in the x-ray patterns of 
the bodies of this group which did not belong to 
TiBs, ByC, graphite, or Cr. These were tentatively 
identified as belonging to the borides of chromium, 
but positive assignment could not be made since ac- 
curately détermined interplanar spacings for such 
compounds were not available. The presence of me- 
tallic chromium could have been masked since its 
strong line and that of TiB, both occur at 2.04 A. 

The ‘“d’’-spacings ascribed to chromium borides 
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were similar to those obtained from an x-ray pattern 
of a sample of “Chromium-Boron” obtained from 
Wall-Colmonoy Corporation. Blackburn, Shevlin, 
and Lowers (18) reported the Wall-Colmonoy ma- 
terial to be a mixture of CrB, CrBo, and CrsBy in 
unknown proportions. This seems to strengthen the 
assumption that chromium borides were formed in 
the experimental bodies, but, at the same time, does 
not permit positive identification. 

The fired characteristics of these bodies were good 
(see Table VI). The specimens had sound structures, 
and a common property of slight firing shrinkage was 
noted. This property was in direct contrast to the 
majority of bodies in the other metal groups and was 
interpreted as a stronger tendency to sinter. The 
ultimate strengths were comparable to similar com- 


TABLE VI. Characteristics of bodies containing chromium 
and fired at 1925°C 


Original com- 
position per 


nd cent by weight Phases present 
No. 


(fired specimens) Fired condition 

Cr BC TiC 

Hard and strong 
(hardest in Cr 
series) 

Very soft and fri- 


C-27| 20} — | 80 | Cr, TiC 


Chromium borides, 


B,C, C able 
C-26 40 60 Chromium borides, Soft and friable 
B,C, C 


Chromium borides, Considerable 
TiB:, TiC, ¢ 
Chromium borides, 
TiBz, TiC, C 
Chromium borides, 
TiB2, TiC, C 
Chromium borides, 


TiBs, C 


strength 
Moderate 

strength 
Similar to C-28 


Similar to C-29 


positions of the iron series, although possibly some- 
what lower. The strongest of the three component 
bodies was far weaker than most commercial sintered 
carbides. When the ByC content was raised above 
ten per cent in the 20 per cent Cr series, appreciable 
losses in strength and hardness occurred. The body 
containing 30 per cent Cr and 20 per cent ByC had 
approximately the same hardness and strength as 
the composition containing 20 per cent Cr and 10 
per cent B,C. Increasing the B,C to 30 per cent 
caused reductions in strength. Raising the firing 
temperature from 1925° to 2065°C produced propor- 
tionate increases in hardness of all bodies. 

When Cr was combined with B,C alone, as in 
bodies C-25 and C-26, Cr disappeared but some B,C 
was still present. Changing the Cr:B,C ratio from 
1:4 to 2:3 produced no significant differences in the 
Xtay patterns. In fact, satisfactory x-ray patterns 
of these bodies were difficult to obtain. Bodies C-25 


and C-26, fired at 1925°C, were very friable and . 
there was but little gain in strength when the firing 
temperature was raised to 2065°C. The metallic ap- 
pearance of bodies containing both carbides was not 
evident in the Cr-ByC compositions. 

Chromium combined with TiC alone, as in —" 
C-27, produced fired specimens which contained Cr 
and TiC. While these specimens were quite hard and 
well bonded, no evidence was obtained to indicate 
the nature of the bond. Very limited solid solution 
could possibly occur but the x-ray patterns gave no 
signs of this. 


Discussion OF RESULTS 


Reaction between B,C and TiC to form TiBs was 
observed to take place at 1650°C; however, it may 
begin at a somewhat lower temperature. Since the 
specimen was held at 1650°C for only one-half hour, 
it is not likely that chemical equilibrium was reached. 
Had longer firing times been used the reaction would 
probably have been more complete. 

There was no tendency for the TiB, formed from 
the reaction of ByC and TiC to form a sintered bond 
at any firing temperature employed in this investi- 
gation. This may be explained by the high refractori- 
ness of this compound and the fact that unfavorable 
sintering conditions were created by the free graphite 
which was released from the carbides. It has been 
reported that pure TiB, was found to be unsintered 
after 15 minutes at 1600°C (19). 

Iron, cobalt, and nickel were all found to react 
with B,C to form metallic borides. It is thus logical 
to assume that none of the above metals remain as 
a metallic bonding phase in a body which is predomi- 
nately B,C. However, it may be that the metallic 
borides created in such bodies act as a bond for the 
unreacted B,C when the proper firing conditions are 
employed. This situation apparently exists in bodies 
composed of B,C and Fe which were found in these 
experiments, and by other investigators (12), to have 
relatively high strength. Although nickel and co- 
balt form borides, these metals did not promote as 
strong a bond for B,C as iron under the conditions 
of these tests. The reason for this was not clearly 
understood. 

Compositions containing 30 per cent Ni and 70 
per cent B,C reacted to form Ni.B and a phase 
which could not be positively identified. This phase 
was thought to be isomorphous with FeB and CoB 
because the “d’’-spacings corresponding to the most 
intense lines of the three materials have nearly the 
same values. Tentative identification of the unknown 
phase as NiB was made on this basis since Fe, Co, 
and Ni are similar in chemical nature and structure. 
The appearance of more than one nickel boride in 
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the bodies might also have been a function of time; 
i.e., only one compound might have remained if heat- 
ing had continued for more than one-half hour. 

Combinations of ByC and TiC which resulted in 
the formation of the greatest amount of TiB, also 
produced the weakest. bodies when it was attempted 
to bond them with either iron, cobalt, or nickel In 
such bodies the metals were also converted to bo- 
rides; thus each fired composition was essentially a 
mixture of TiB. and the borides of the added metal 
plus any unreacted TiC or B,C. 

There seemed to be little tendency for the other 
metallic borides to bond the TiB. under the condi- 
tions of these tests. However, the reactions were 
accompanied by disruptive volume changes and the 
liberation of free graphite which would hinder sinter- 
ing. Increasing the firing temperatures may promote 
better strengths, but it would seem more feasible to 
make TiB, one of the starting components and add a 
metal to develop a bond. Sindeband (20) has bonded 
chromium boride with nickel. The stability of the 
metallic borides with respect to one another should 
be thoroughly understood before attempting to select 
a bonding metal. 

Titanium was not an effective bonding metal for 
ByC or any combinations of the carbides high in 
B,C. It was readily converted to TiBs which merely 
added to that produced by the reaction of the two 
carbides. A better bond was obtained in compositions 
containing 20 per cent Ti and 80 per cent TiC, al- 
though only TiC was found by an x-ray study. The 
addition of greater amounts of Ti to TiC may result 
in bodies considerably stronger providing they retain 
a metallic phase when fired 

The factors which promoted sintering in the com- 
positions containing chromium are not readily ap- 
parent. Although the ultimate strengths for the com- 
positions containing iron and those with chromium 
were comparable, the underlying causes may or may 
not have been the same. The compositions containing 
only Cr and B,C were the weakest specimens in the 
chromium series, while iron and ByC produced a 
much stronger body. In each case there was suffi- 
cient boron available from the decomposition of the 
B,C to form the boride with the highest boron con- 
tent. It is probable that the borides of chromium, 
especially those high in boron, have high melting 
points and therefore would require high temperatures 
for sintering (18). On the other hand, the iron borides 
must have lower melting points and tend to create 
a bonding phase at the temperatures used in this 
investigation. 

Compositions in the chromium series containing 
low ratios of B,C to TiC had less boron available for 
reaction with Cr, and the boron that was present did 
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not react solely with the Cr as TiBs was also formed 
This may result in the formation of mixed chromium 
borides, some of which would have a higher chro 
mium content than those formed when only Cr and 
ByC were used. There also may be eutectics formed 
between the chromium borides which would promote 
sintering at 2065°C, and thus increase the strength 
of the bodies. Even if eutectics do not occur, a simi- 
lar effect should be obtained from single borides, 
providing their melting points decrease with a de- 
crease in the boron content. 


SUMMARY 


Boron carbide and titanium carbide in combing- 
tion reacted to form titanium boride (TiB.) and 
graphite when subjected to elevated temperatures, 
This reaction began as low as 1650°C and was com- 
plete after one-half hour at 2065°C. Boron carbide 
reacted with iron, cobalt, nickel, chromium, and ti- 
tanium at 1925°C to form borides of the metals and 
free graphite. The same reactions occurred concur- 
rently when mixtures containing combinations of 
the two carbides and each of the metals were heated 
at 1925° or 2065°C, reaction products being borides 
of the metals, titanium boride, and graphite. With- 
out exception, the added metal lost its individuality, 
but in some instances the original carbides were not 
completely transformed. In general. the reactions 
which occurred in the experimental mixtures were 
A persistent 
tendency toward permanent expansion and crack- 


not conducive to sound = structures 


ing was noted. 

No chemical reaction was detected between ti- 
tanium carbide and iron, nickel, cobalt, or chromium. 
However, in the case of titanium, changes were indi- 
cated by the disappearance of the added metal and 
the free graphite known to be present in the titanium 
carbide. 

There were indications that the borides of either 
iron or chromium had strong tendencies to form 
bonding phases providing the boron carbide-tits- 
nium carbide ratio in the original mixtures was of 
the order of 1:6. Chromium-boron carbide com- 
binations produced specimens which were only 
superficially bonded, while iron-boron carbide com- 
binations produced some of the strongest bodies 
formulated during the investigation. 

Attempts to create a refractory with desirable 
properties by blending boron carbide, titanium car- 
bide, and one of the metals, iron, cobalt, chromium 
titanium, or nickel, were complicated by chemical 
reactions between the constituents. However, some 
bodies studied were found to exhibit good structural 


properties and additional work with them appears to 
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be warranted. These bodies lie within the following 
compositional ranges: 


Per cent by weight 


Iron Chromium Boron carbide Titanium carbide 

20 up to 10 8O to 70 

- 20 up to 10 SO to 70 

2 - 60 to SO up to 20 

30 up to 20 70 to 50 
30 up to 20 70 to 50 

30 50 to 70 up to 20 


The results indicate the desirability of additional 
study regarding the possibilities of bonding the more 
refractory borides with metals with the view of 
producing new engineering materials for flight pro- 
pulsion units. 
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The Curing of Lead Storage Battery Plates' 


R. H. Greensura, F. B. Frnan, anp B. AGruss 


National Lead Company Research Laboratories, Brooklyn, New York 


ABSTRACT 


In the lead-acid storage battery industry, the trend has been toward the use of litharge 
containing high percentages of finely divided, unreacted metallic lead. Plates containing 
this material are cured at room temperature in the presence of water prior to forming. 
The setting action involves oxidation of the metallic lead, an exothermic reaction caus- 
ing the plates to dry. Variations in atmospheric conditions affect the rate of setting. This 
paper discusses the effeets of temperature and humidity changes on the setting rate. 
There is an optimum plate moisture concentration corresponding to a maximum oxida- 


tion rate, 
INTRODUCTION 


High metallic uncalcined litharge is made by the 
partial oxidation of lead. It consists of an intimate 
mixture of litharge and finely divided lead. This 
type of litharge may be prepared from molten lead 
as exemplified by the Barton process (1) or from 
solid lead by attrition methods as disclosed in the 
Shimadzu (2) patents. The work described herein 
was performed using Barton oxide. 

Some years ago one of the authors noticed that if 
this type of material were mixed with a relatively 
small quantity of water, the resulting mixture be- 
came quite hot. This was due to a spontaneous, 
exothermic oxidation of metallic lead. It had pre- 
viously been found that paste mixes made with the 
normal quantity of water did not behave in this 
manner, 

Further experiments showed that pasted plates 
behaved in a similar manner if some of the moisture 
were removed and the plates were then stacked in 
the room in close contact with one another. Under 
these conditions, the plates became warm and after 
about two days’ time, the metallic lead concentra- 
tion had dropped from about 30 per cent to below 
5 per cent. The plates were essentially dry at this 
time. Such plates were found to be unusually hard 
and formed satisfactorily as positive plates. Further 
work has shown that the forced removal of too 
much moisture prior to stacking is conducive to 
very low oxidation rates. 

This treatment of high metallic oxide plates has 
been described by Merson (3). It depends upon the 
spontaneous, atmospheric oxidation of metallic lead 
in plates containing a limited range of moisture. 
The exothermic reaction accelerates the oxidation of 
the metallic lead and at the same time dries the 
plates. 

' Manuscript received November 2, 1950. This paper pre- 
pared for delivery before the Buffalo Meeting, October 11 
to 13, 1950 
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Oxidation Theories 


As early as 1838 (4), von Bonsdorff demonstrated 
that at ordinary temperatures lead does not react 
with oxygen in the absence of moisture. This fact. 
along with the fact that oxidation is inhibited in the 
presence of a surplus of water, makes the described 
process possible. It allows the storage of metal- 
bearing litharge for a reasonable period of time 
without undue oxidation of the metallic lead. The 
relatively large amount of water used in mixing the 
paste precludes rapid oxidation of the metal during 
this operation. In other words, essentially all of the 
oxidation txkes place after the plates are pasted and 
the plate moisture content has been deliberately 
lowered to a value favoring the oxidation. 

Although the exact. role played by water in the 
oxidation of lead by oxygen is not definitely under- 
stood, several theories have been advanced to ex- 
plain its function. These theories have been re- 
viewed briefly by Mellor (5), Dunstan and Hill (6), 
Lambert and Cullis (7), and in considerable detail 
by Bengough and Stuart (8). 

It seems possible that the oxidation rate is re- 
tarded in the presence of a large amount of water 
as a result of the slow diffusion of atmospheric 
oxygen. It is more difficult to account for the low 
oxidation rate corresponding to the lower concen- 
trations of moisture. Perhaps this is due to an 
uneven distribution of the moisture with the result 
that portions of the plates are essentially dry. It 
may also be true that at least part of the small 
amount of water in the plates is loosely bound to 
the lead oxide present, leaving the plates dry for 
all practical purposes. 


Advantages of the Process 


The formation of positive plates is hastened by 
the inclusion of red lead in the positive plate mixes 
In all other respects, the advantages are in favor 
of the uncalcined high metallic litharge. These ad- 
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vantages include: lower product cost, mechanically 
stronger plates, improvement in the shedding life 
of positive plates per unit weight of material, and 
ease and simplicity in plate curing. 

Metallic lead-bearing litharge is less expensive 
than fully calcined litharge or red lead. This is due 
to simplicity of operation, a higher production per 
man-hour, and savings in fuel. © 

The mechanically stronger plate obtained by using 
metallic lead-bearing litharge is an important con- 
sideration to battery manufacturers. Such plates 
can be handled easily without damage which means 
that scrap losses are cut to a minimum. The in- 
creased strength is tied up with the reactions taking 
place during the curing and oxidation period. 

Batteries made in this laboratory with positive 
plates prepared from uncalcined high metal litharge 
have lasted for approximately 400 cycles on the 
SAE life test. Similar batteries made with positive 
plates of the same weight prepared from a furnace 
oxide consisting of 25 per cent true red lead and 
75 per cent litharge have a life expectancy of ap- 
proximately 300 cycles. The ultimate failure in both 
eases is usually brought about by shedding of the 
positive active material. 

The improved shedding life means that the ap- 
parent density of the positive paste can be lowered 
somewhat, as compared to that of a paste containing 
the older type of oxide, and still have better shedding 
life. A lower apparent. density is accompanied by a 
saving in the quantity of oxide used and results in 
a lower weight of lead per battery for a given SAE 
life. 

In the mass production of plates containing either 
calcined litharge or mixtures of red lead and calcined 
litharge, the plates are cured by passing them 
through a tunnel dryer. The process is critical and 
requires rigid control of both temperature and hu- 
midity in the various drying zones. If this is not 
done, the plates are mechanically weak, leading to 
high scrap losses. In addition, improper drying is 
frequently accompanied by formation difficulties 
and poor shedding life. 

The curing of plates made from high metal-bearing 
litharges is relatively simple and requires a minimum 
of equipment. After the plates leave the pasting 
machine, they are carried through a gas-heated flash 
dryer. This is a short box in which the plates are 
subjected to a temperature of about 200° to 300°F 
(93° to 149°C) for about 4 minutes. The flash dryer 
removes a small part of the water present in the 
plates. This removal of water serves a dual function: 
it allows the plates to be stacked one on top of 
another, without sticking, and it also accelerates 
the subsequent curing 

Having left the flash dryer, the double plates are 
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cut or broken apart and stacked as single plates in 
piles of two to three hundred. After a short period of 
time, the plates become warm. Usually, the plates 
stay warm for something over 24 hours and then 
gradually cool off. The time required to bring the 
residual lead concentration to 5 per cent or lower 
varies with atmospheric conditions. This can be 
done in 48 hours or less. In order to take care of 
unusual ambient conditions, it is generally recom- 
mended that plates be stacked for 72 hours. This 
allows an adequate margin of safety. 

Wet plates can be formed successfully and good 
batteries can be made with them. However, the 
positive plates spall during formation if the residual 
lead in the paste is much in excess of 5 per cent. 
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Fic. 1. Change in metallie lead concentration with time. 
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EXPERIMENTAL 


A background of knowledge concerning the process 
has been accumulated over a period of years, both 
from laboratory experimentation and observations 
made in the field under practical operating condi- 
tions. These results are summarized in the following 
experiments. 

A series of experiments was made to determine 
the effects of variations in ambient .temperature on 
the course of the oxidation reaction. The oxide used 
consisted of approximately 30 per cent metallic lead, 
the remainder being litharge. This was blended with 
water and sulfuric acid in the customary manner, 
the apparent density of the paste being approxi- 
mately 67.7 g/in.* (4.13 g/ml). The grids were 0.080 
in. (2.03 mm) in thickness. After removing some 
surface moisture, the plates were stacked in air of 
varying temperatures, no attempt being made to 
control the humidity. Plates were withdrawn from 
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the stack from time to time and metallic lead de- 
terminations were made on the paste material. 

Fig. | shows the relationship between the con- 
centration of residual metallic lead and curing time. 
Curves represent. ambient 
(13°C), 75°F (24°C), 
(58°C), respectively. 


temperatures of 55°F 
(48°C), and 137°F 


Fig. | shows that the curves representing ambient 
temperatures of 55°F (13°C), 75°F (24°C), and 110°F 
(43°C) follow a logical pattern indicating an in- 
crease in oxidation rate with increase in ambient 
temperature. However, this is not so for the 137°F 
(58°C) curve in which the oxidation rate was found 
to be a little less than that at 110°F (43°C), thus 
indicating an intermediate optimum temperature. 
This confirms observations made in the field in that 
it has been found that excessively high temperatures 
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Fig. 2. Variation in oxidation rate with residual mois 
ture concentration. 


in the flash dryer lead to low oxidation rates. These 
low rates are due to the fact that water is removed 
too quickly, resulting in a residual water concentra- 
tion below that required for a reasonably rapid 
oxidation rate. This point is discussed below. 

The curve in Fig. | representing an ambient tem- 
perature of 75°F (24°C) is typical for plates which 
have been cured in the room under most ambient 
conditions. In this case, the comparatively large 
number of determinations made produced a sufficient 
number of points to permit the shaping of the curve 
with reasonable assurance. In addition, moisture 
determinations had been made at the same time 
the metallic lead assays were made. 

The data for this curve have been replotted in 
Fig. 2, which shows the relationship between the 
residual moisture concentration of the plate and 
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the corresponding rate at which the metallic lead 
is oxidized. The latter is expressed in terms of 
percentage of the original metallic lead oxidized per 
hour. There are actually two variables involved. 
viz., the time factor which is implied and the cor. 
responding moisture concetitration which decreases 
with time. 

Fig. 2 shows that initially, as the moisture con- 
centration drops from about 8.75 per cent to ap. 
proximately 7.50 per cent, the rate of oxidation falls 
off with decreasing moisture concentration. Actually, 
over this range, the rate of oxidation is not dependent 
on the moisture concentration, but depends on the 
time of setting and in this respect follows the usual 
trend of rate reactions. 

When the moisture concentration reaches 7.50 
per cent, the situation is complicated by another 
factor. The moisture concentration has reached a 
point where the oxidation rate is accelerated to such 
an extent that the time factor is more than offset. 
The oxidation rate increases sharply until a peak 
value is reached which corresponds to about 55 
per cent moisture. As the plates dry further, there 
is a very sharp falling off in the rate of oxidation. 

Fig. 2 does not represent a relationship which can 
be duplicated exactly under all conditions. Changes 
in inflection points will vary with variations in am- 
bient temperature and humidity. The curve has 
been drawn to illustrate certain principles which 
are generally applicable. 

Fig. 2 indicates the necessity of removing part of 
the plate moisture if oxidation is to proceed at an 
appreciable rate. This may be done by means of a 
flash dryer or, if production is small, it may be more 
convenient to place the plates in a slight draft of 
air. In either case, the plates should be spaced 
about 0.25 in. (6 mm) apart. Too rapid evaporation 
should be avoided in order to keep checking at a 
minimum and also to avoid bringing the moisture 
concentration below the point at which rapid oxida- 
tion occurs. 

In another series of experiments, plates were 
stacked in air, the temperature of which was main- 
tained at 110°F (43°C) in all cases. Runs were 
made at relative humidities of 28, 46, 58, and 84 
per cent, respectively. The data have been plotted 
in Fig. 3. 

Fig. 3 shows that over the humidity range of $4 
to 46 per cent, decreasing humidity is accompanied 
by a more rapid oxidation of the lead. This is due 
to the more rapid evaporation of plate moisture 
corresponding to lower humidities. This, in turn, 
decreases the moisture concentration more quickly 
to the range near which oxidation is accelerated. 
However, decreasing the relative humidity from 46 


per cent to 28 per cent reverses the trend. Plates 
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cured in air of 28 per cent relative humidity are 
oxidized more slowly than those cured in the 46 per 
cent atmosphere. In the former case, it is probable 
that the plate moisture content is quickly lowered 
to a value below that corresponding to a rapid 
oxidation rate. 


PracticaAL APPLICATIONS 


Using metallic-bearing litharge, manufacturing 


steps are quite similar to those applicable to the 
manufacture of batteries using plates made from 
litharge and red lead. The essential departures are 
in the choice of oxide and in the method of curing 
the plates. The following outline covers a procedure 
which has been generally recommended for SLI bat- 
teries using Barton type oxide, due allowance being 
made for variations necessitated by differences in 
mixers, pasting machines, and other factors. 

Positive plates are made with an uncalcined 
litharge containing approximately 25 per cent of 
finely divided metallic lead. This is mixed for 5 to 
10 minutes with 57 ml of water per pound (125 ml/ 
kg) of oxide used. A volume of 1.40 specifie gravity 
sulfuric acid equivalent to 40 ml per pound (88 
ml/kg) of oxide is then added at such a rate that 
the temperature of the paste does not go above 
15°F (63°C). The time required depends on the 
efficacy of the means used to cool the mix. Ordinarily, 
this operation can be finished within 20 minutes. 
The mixer is operated until the temperature of the 
paste is less than L10°F (43°C). 

The pasting operation is carried out in the usual 
manner. If the plates are mechanically pasted, the 
double plates are passed through a flash dryer, cut 
or broken apart, and stacked in the room for 72 
hours as described elsewhere. When production war- 
rants it, hand-pasted plates are handled in a similar 
manner. Otherwise, the plates are stacked for several 
hours with the pasting papers in place. The papers 
are then stripped off and the single plates are re- 
stacked for 72 hours. 

Negative plates are made in much the same man- 
ner as the positive plates. In this case, the oxide is 
blended with the usual small quantities of expander 
ingredients. Inasmuch as the apparent density of 
the negative paste is customarily higher than that 
of the positive, the water and acid ratios are lowered 
to 50 and 30 ml (110 and 66 ml kg) respectively, 
per pound of oxide blend. 

Having cured the plates, further steps such as 
burning, forming, ete., are the same as those used 
with plates made from other types of oxides. 

It sometimes happens that plates are left in the 
flash dryer too long as the result of a mechanical 
breakdown in which case the plates do not cure 


properly. Too much moisture is removed from the 
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‘ 


plates to permit oxidation of the lead at any reason- 
able rate and this agrees with what one would expect 
by reference to Fig. 2. When this occurs, the plates 
may be put in proper condition by immersion in 
water. Inasmuch as most mechanical breakdowns 
occur at the pasting machine, it is recommended 
that the flash dryer conveyor be operated inde- 
pendently of the pasting machine. 

In a production run, it was found possible to 
complete the curing reaction within 5 hours. This 
was done by passing the plates through a flash 
dryer and then allowing them to stand over gas 
burners in the open room for about an hour. The 
burners were then shut off and the plates were al- 
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Fic. 3. Change in metallie lead concentration with time. 
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lowed to stand in the room for approximately 5 
hours more. The plates were spaced a short distance 
apart during the whole operation. This indicates 
that 20 per cent of the original lead was oxidized 
per hour on the average. This is twice the peak 
rate shown in Fig. 2 for a laboratory experiment. 
The difference is probably explainable in part by 
the much larger number of plates processed in the 
plant. The larger number of plates would tend to 
hold the heat and maintain a relatively high plate 
temperature. 


SUMMARY 


Unealcined lead oxides containing a high concen- 
tration of finely divided metallic lead are widely 
used in the manufacture of lead storage batteries. 
Plates containing this material require a minimum 
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of equipment for curing. It is merely necessary to 
remove a small amount of water from the plates 
after which they are stacked in the room for approxi- 
mately 72 hours. The removal of the water permits 
the stacking of the plates without sticking and also 
accelerates the curing reactions. 

Other advantages of the process are lower oxide 
cost, the production of mechanically stronger plates, 
and improvement in the SAE shedding life of the 
positive plates. 

The curing action involves the atmospheric oxida- 
tion of metallic lead in the presence of moisture, the 
heat of reaction serving to accelerate the oxidation 
and at the same time dry the plates. The rate of 
curing varies with atmospheric conditions, partly 
because of the latter’s influence upon the rate at 
which plates attain their optimum moisture con- 
tent. The maximum oxidation rate corresponds to 
an optimum plate moisture concentration. 
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Barium Titanium Phosphate: A New Phosphor' 


S. T. HENDERSON AND P. W. RANByY 


Thorn Electrical Industries Ltd., London, England 


ABSTRACT 


The preparation of a new phosphor is described: barium pyrophosphate containing 
about 30 molar per cent of titanium dioxide but no other addition. The mechanism of its 
formation has been examined by differential thermal analysis and by x-ray diffraction, 
but the structure has not yet been fully elucidated. Its luminescent properties are similar 
in many respects to those of magnesium tungstate, for which it is a useful substitute in 
fluorescent lamps. It has short afterglow, high efficiency, good maintenance in the mer- 
cury discharge, and an emission band extending through the whole visible spectrum with 


a peak at 4835 A. 


INTRODUCTION 


A new phosphate phosphor consisting of barium 
pyrophosphate activated by titanium has recently 
been developed (1). The new phosphor is excited by 
short wavelengths of ultraviolet and can be used 
in fluorescent discharge lamps. The color of the 
fluorescent emission is similar to that of magnesium 
tungstate and the new phosphor may prove of con- 
siderable importance as a substitute for magnesium 
tungstate, especially in view of the general world 
shortage and high price of tungsten. The present 
paper describes the preparation and some of the 
more important characteristics of the new phosphor, 
and discusses the position of this material in relation 
to other inorganic phosphors. 


PREPARATION 


Barium titanium phosphate may be prepared from 
barium hydrogen phosphate (BaHPO,), precipitated 
from purified solutions of a barium salt and an 
ammonium phosphate. The barium phosphate is 
intimately mixed with about 10 per cent by weight 
of titanium dioxide, and the mixture is then heated 
inair at about 1050°C. Commercial titanium dioxide 
is often of sufficient purity, and either the anatase 
or rutile forms may be used. The addition of 2 per 
cent by weight of barium fluoride to the mixture 
reduces the time of heating which is required for 
the preparation of bright phosphors. 

When mixtures of barium hydrogen phosphate 
and titanium dioxide are heated together, fluorescent 
products are obtained only when the temperature 
of heating is above 800°C. The intensity of fluores- 
cence of a series of samples prepared by heating for 
aconstant time but at various temperatures is shown 
in Fig. 1. This shows that the brightest phosphors 

‘Manuscript received June 1, 1951. This paper prepared 


for delivery before the Washington Meeting, April 8 to 12, 
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are prepared at temperatures between 1000° and 
1075°C and that small changes in temperature below 
1000°C and above 1075°C produced marked differ- 
ences in the intensity of fluorescence of the product. 

The intensity of fluorescence is not greatly affected 
by changes in the concentration of titanium in the 
phosphor. The relationship between the concentra- 
tion of titanium dioxide in the initial unheated 
mixture and the intensity of fluorescence of the 
product obtained by heating at 1030°C for a constant 
time is shown in Fig. 2. The concentration of tita- 
nium dioxide is expressed as a weight percentage of 
the unheated barium hydrogen phosphate. The in- 
tensity of fluorescence of the phosphor reaches a 
maximum when this concentration is 9 per cent 
by weight; this corresponds to a composition of 
2Ba.P.0;:1TiO» for the final phosphor. Thereafter, 
relatively large increases in the concentration of 
titanium only slowly depress the intensity of fluo- 
rescence. 

Barium pyrophosphate previously made by heat- 
ing to 1050°C is found to yield bright phosphors 
when reheated with anatase or rutile, or with either 
form and barium fluoride as well. But if the pyro- 
phosphate has been preheated with 2 per cent. by 
weight of barium fluoride, only poorly fluorescent 
powders are obtained in the subsequent heating with 
titanium dioxide. 

The x-ray diffraction pattern for the phosphor, 
if made below 1100°C, is nearly identical with that 
of pure high temperature barium pyrophosphate, 
except for a few unidentified lines and some line 
intensity variations. At about 1100°C a further slight 
change occurs in the pattern. Experiments with 
excess of TiO. either added in the preparation of 
the phosphor below 1100°C, or mixed in afterward, 
show that free TiO. (apparently anatase) is not 
recognizable till about 25 per cent has been used. 
Allowing for the weakness of the TiO» lines in the 
presence of BasP.O;, this seems to indicate that 
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much more TiO, can be combined in the crystal 
than the optimum amount for fluorescence. 


REACTION MECHANISM 


The narrow temperature range in which fluorescent 
materials are formed might be taken to indicate 
that the preparation is dependent on the reaction 
of a particular crystal form of titanium dioxide. 
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Fig. 1. Influence of temperature of preparation on the 
intensity of fluorescence of barium titanium phosphate. 
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Fic. 2. Effect of added titanium dioxide on the intensity 
of fluorescence of barium titanium phosphate. 


Of the three forms, anatase is said to be stable up 
to 860°C, brookite between 860° and 1040°C (which 
is roughly the useful range for phosphor preparation), 
and rutile at higher temperatures (2). These re- 
lationships have, however, recently been shown (3) 
to be too simple to cover all the behavior of anatase 
and rutile, while little is known about brookite. It 
seems doubtful, therefore, if this idea can be pursued 
on the available evidence. 

The phosphor reaction has been studied further 
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by differential thermal analysis, and some of the 
curves obtained are reproduced in Fig. 3, with exo. 
thermic reactions represented by displacements 
above the temperature axis, which itself indicates 
the corrected sample temperature, not furnace tem. 
perature. The barium hydrogen phosphate curye 
(A) shows the loss of water at about 400°C to form 
pyrophosphate, another sharp endothermic change 
near 800°C, possibly a change in crystal form, and 
a third small change near 970°C. Other curves show 
the effects of adding barium fluoride (B), or titanium 
dioxide (C), or both (D). These curves do not throw 
much light on the reaction mechanism apart from 
suggesting that the 800°C change is the important 
one. On the other hand the damaging effect of 
barium fluoride on the phosphate (in the absence of 
TiOz,) remains quite unexplained. The curves for 
anatase alone (I), and anatase with 20 per cent of 
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Fig. 3. Differential thermal analysis curves 


barium fluoride (F), do show a large difference 
greater than that between the separate components 
(the BaF. curve is not reproduced), and the reaction 
between these substances probably accounts for the 
favorable influence of the fluoride in phosphor prep- 
aration. 

Work is continuing to determine the nature of the 
crystal species involved. 


LUMINESCENT PROPERTIES 

Barium titanium phosphate is not excited by long 
wavelengths of ultraviolet, but it is strongly excited 
by shorter wavelengths such as 2537 A. The excita- 
tion and reflection spectra have not yet been ob- 
tained. The fluorescence is a bright blue-white in 
color similar to that of magnesium tungstate, though 
paler. It has no visible afterglow. Cathode rays and 
x-rays excite a similar fluorescence. Changes in the 
composition of the phosphor do not cause any ap- 
parent color change in the emission. 
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Spectral energy distribution curves (Fig. 4) of the 
two phosphors mentioned were determined with the 
aid of an RCA 1P 22 photomultiplier and constant 
deviation glass spectrograph, and the I.C.1. co-ordi- 
nates by a Donaldson visual tristimulus colorimeter. 
For these experiments, the phosphors were coated 
in fluorescent lamps of comparatively high loading 
4T12 40W). Fig. 4 shows the emission without 
mercury lines, whereas these contribute to the total 
color as Matched. For barium titanium phosphate 
the lamp gave « = 0.250, y = 0.316; for magnesium 
tungstate « = 0.220, y = 0.287. The emission band 
of the new phosphor is remarkable in being one of 
the widest. known, extending to longer wavelengths 
than does that of magnesium tungstate and about 
gs far into the ultraviolet. The energy distribution 
determined in the visible region is closely repre- 
sented by a single Gaussian in each case. 
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Fig. 4. Spectral energy distribution of phosphor in low 
pressure mercury discharge. 


If 1 = Io exp 6{—a(v—v)*} where TJ is the in- 
tensity at frequency v, J) the peak intensity at 
frequency vo, then the constants are: 

Barium titanium phosphate, a & 10° = 6.14 em*, 
» = 20680 em™! (4835 A) 

Magnesium tungstate, a & 10° = 8.09 em’, vy) = 
21060 (4750 A) 

The wide extent of the emission band for the new 
phosphor is well illustrated by the wavelengths for 
| per cent of peak emission, assuming the equation 
to hold over this range. The values calculated are 
$300 and 3410 A. The value of peak frequency for 
magnesium tungstate agrees well with the results 
of Studer and Gaus (4) though different methods of 
excitation were used. 

The intensity of the fluorescence excited by 2537 A 
(filtered by Corning 9863) slowly decreases when the 
phosphor is heated, but the rate of this decrease in 
intensity is not so great as that of magnesium tung- 
state phosphor under the same conditions. At 300°C 
both are very dull but magnesium tungstate is deep 
blue whereas the other is brighter and whiter in 


color. On cooling to —180°C the new phosphor 
assumes a pale greenish fluorescence without serious 
loss of intensity; on warming with continued excita- 
tion there is a narrow temperature range in which 
the luminescence becomes yellow, and above this 
the normal room temperature color reappears. A 
weak thermoluminescence occurs after excitation at 
— 180°C. 

The fluorescence of barium titanium phosphate 
depends on the freedom of the phosphor from certain 
impurities. The effect of low concentrations of some 
impurity metals introduced before firing on the in- 
tensity of the fluorescence is shown in Fig. 5. A 
similar investigation by Marden and Meister (5) 
of the effect of impurities in magnesium tungstate 
shows that the barium titanium phosphate phosphor 


ler 


INTENSITY 


Mn 
c 
° 
2 a} 
- cr 
< 
x 
er Cu 
0-o0ce 0-005 0-04 0-02 0-05 O-4 


PERCENT BY WEIGHT OF IMPURITY 
Pic. 5. Effect of impurities on the fluorescence of barium 
titanium phosphate. 


is more susceptible to the presence of some impurities 
such as copper, but less susceptible to others such as 
iron. Neither these impurities, nor several other 
elements which have been tried, change the ap- 
parent color of the emission, although uranium pro- 
duces an effect similar to that in barium phosphates 
without titanium dioxide. 


in FLuorescent Lamps 

Barium titanium phosphate may be incorporated 
in fluorescent discharge lamps by the usual coating 
techniques. Such lamps compare favorably with 
lamps coated with magnesium tungstate phosphor. 
The initial efficiencies which have been obtained in 
various sizes of lamps are: 50 Ipw in 48T12 40W, 
35 Ipw in 24T12 40W, and 47 Ipw in 60T12 80W. 
It is likely that higher efficiencies will be obtained 
after further work on the phosphor has been carried 
out. The efficiencies for the same lamp types with 
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magnesium tungstate phosphor are, respectively, 48, 
33.5, and 45 lpw. 

The decrease in luminous efficiency during life of 
barium titanium phosphate lamps is less than that 
of lamps containing only magnesium tungstate. 
Moreover, good maintenance is obtained from fluo- 
rescent lamps incorporating mixtures of barium tita- 
nium phosphate with other phosphors, for example 
calcium silicate (Pb, Mn). The pronounced red emis- 
sion (see Fig. 4) should be of assistance in producing 
lamps with better color resulting at the red end of 
the spectrum than is normally obtained from other 
phosphor mixtures. 


TITANIUM AS AN ACTIVATOR 


The only property so far established as essential 
in order that an element may function as an activator 
is polyvalency. Titanium fulfills this condition but 
until recently relatively few titanium-activated phos- 
phors had been discovered and these were of interest 
mainly for cathode-ray excitation. However, Kroeger 
(6) has since described a number of titanium-ac- 
tivated materials and has noted some of their general 
characteristics. The present barium titanium phos- 
phate shows several of these properties. Thus a high 
concentration of titanium, generally of the order of 
several molar per cent, is required for bright phos- 
phors, and since they are prepared by heating in an 
oxidizing atmosphere the titanium must be in a 
quadrivalent state. The present phosphor does not 
support Kroeger’s contention that titanium is only 
effective as an activator of compounds containing 
phosphorus when another Group IV element is pres- 
ent. 

The high concentration of titanium in this phos- 
phor is in contrast to the proportions of more con- 


ventional activators such as manganese in phos- 
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phates and silicates, and copper and silver in sulfides, 
Barium titanium phosphate resembles the so-called 
‘‘pure”’ phosphors such as the tungstates, particularly 
in its wide emission band, its variable composition 
Without change in emission, its thermal quenching 
and behavior at low temperatures, and its rapid 
decay. Another similarity is its lack of response to 
impurity activators. It is probable that in barium 
titanium phosphate the luminescence is due to elee- 
tronic transitions not in a simple Ti‘? ion but in a 
complex group, probably a titanophosphate ion hay- 
ing some analogy with the tungstate ion. Structures 
of this kind will evidently repay further study. 
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Effect of Pressure on the Refining of Lithium by Distillation’ 


R. R. RoGers anp G. E. Viens 


Mines Branch, Department of Mines and Technical Surveys, Ottawa, Canada. 


ABSTRACT 


The experiments described show that lithium containing 0.5 per cent sodium can be 
refined by distillation in the presence of argon in a straight retort, the refined material 
containing as low as 0.002 per cent sodium. At gauge pressures up to 1 micron the sodium 
content differs very little from this value. In increasing the pressure from 1 to 740 mi- 
crons the sodium content is quadrupled. In the presence of argon, nitrogen, oxygen, and 
hydrogen at different pressures in a slightly V-shaped retort, a sodium content of less 
than 0.01 per cent was not obtained. There was little or no evidence of oxide, nitride, or 
hydride formation at pressures of oxygen, nitrogen, or hydrogen below 35 microns. 


INTRODUCTION 


A great deal of interest has developed in regard 
to the metal lithium because of its low atomic 
weight (6.94), specific gravity (0.53), melting point 
(186°C), and boiling point (1336°C), and because 
of its high chemical activity and other important 
properties. 

Due to the fact that there are important deposits 
of lithium-containing minerals in Canada, the Ca- 
nadian Department of Mines and Technical Surveys 
has initiated a program of research in lithium metal- 
lurgy, and several papers have already been pub- 
lished (1-3). 

In one phase of this general investigation it was 
found that lithium of high purity could be obtained 
by distillation of commercial metal containing about 
0.5 per cent sodium. Since equipment for producing 
gauge pressures lower than 0.04 micron was available 
in the laboratory, the early work was done in this 
extremely low range. These experiments showed that 
lithium containing as low as 0.001 per cent sodium 
could be produced at a comparatively low rate when 
the charge was heated at a temperature of 600°C, 
and that metal containing 0.002 per cent sodium 
could be obtained at a much higher rate when a 
temperature of 800°C was used. 

The effect of distilling crude lithium in the. pres- 
ence of the chemically inert gas argon and the 
chemically active gases, oxygen, nitrogen, and hy- 
drogen, at different pressures was investigated, and 
the results are given in the present paper. 

Covered first are results obtained in the presence 
of argon at various pressures in a straight, cylindrical 
retort. Although this type of retort was useful for 
certain kinds of experimental work, it could not be 

‘Manuscript received February 5, 1951. This paper pre- 
pared for delivery before the Washington Meeting, April 8 
to 12, 1951. Published by permission of the Director-Gen- 


eral of Scientific Services, Department of Mines and Tech- 
hieal Surveys, Ottawa, Canada. 
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used for the large-scale refining of lithium without 
changes in design to permit the product to be col- 
lected more readily. So, the second part reports the 
results obtained when argon, oxygen, nitrogen, and 
hydrogen were used at different pressures in a slightly 
V-shaped retort equipped with a side arm to collect 
the refined lithium. 

In the 21 experiments described the sodium con- 
tent of the crude lithium varied between 0.41 and 
0.60 per cent and the potassium content between 
0.006 and 0.037 per cent. 


EXPERIMENTAL 
Equipment 


The equipment used in the first part of the work 
consisted of a retort of low carbon steel, 613 in 
(155 em) long and 9} in. (23.5 em) ID. One end of 
the retort was placed in a Globar-heated furnace and 
the other end was connected to a pumping system. 
This system included a vertical metal diffusion 
pump’, a mechanical pump* to produce the primary 
vacuum, and an auxiliary mechanical pump‘ to main- 
tain vacuum in the diffusion pump. A Pirani heat 
conductivity pressure gauge and a Philips ionization 
pressure gauge also were included in the unit. De- 
tails of the retort and contents are given in Fig. 1, 
which is drawn to scale. The condenser was water- 
cooled at the end which was outside the furnace. 
The surface of the condenser was divided into five 
different sections by means of circular ridges, num- 
bered 1 to 5, 1 being nearest to the hot end of the 
retort and 5 being farthest from it. A steel pan was 
located directly underneath the condenser to collect 
the condensed lithium. This pan was divided into 

2 MC-500, Distillation Products Industries, Rochester, 
New York. 

®’ VSD 5-5-6, Kinney Manufacturing Company, Boston, 
Massachusetts. 


4No. 1403, W. M. Welch Scientific Company, Chicago, 
Tilinois. 
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sections, each one being located beneath one of the 
circular ridges on the condenser. The sections are 
numbered 1 to 5, 1 being nearest to the hot end 
of the retort and 5 being farthest from it. During the 
refining operation the temperature of the pan was 
above the melting point of lithium. . 
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Procedure 
Yach of the individual experiments in this jp. 
vestigation was performed as follows. A piece of 
crude lithium, which had been stored in oil, wag 
degreased in carbon tetrachloride. It was placed jy 
a stainless steel beaker filled with argon, and as 


© ®® 
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Fie. 1. Unit for refining lithium by distillation. A 
steel pan for charge, EF 


copper coils for cooling with water, H—asbestos wrapping, I 


condenser, K—water-cooled retort head, L 


couple outlet, P 


furnace wall, B—support for hot end of retort, C 
steel pan for collecting condensed lithium (Fig. | only), F 
steel condenser, water-cooled at one end, J 
gaskets, M—chamber for water-cooling T section, N 


SECTION AA 


Globars, D 
low carbon steel retort, 10 in. OD, G— 
stool to support 


sight glass, O—thermo 


flexible connector, Q—Philips ionization pressure gauge tube (The accompanying indicator has the two 


scales, 0 to 25 microns and 0 to 0.2 micron.), R—to pumps, S—stee! crucible for collecting condensed lithium (Fig. 2 only), 


T—side arm (Fig. 2 only), U 


couple located inside the retort above the charge in pan D, 3—thermocouple located inside the retort, 4, 5, 6, 7 


insulating brick (Fig. 2 only), 1—thermocouple in the interior of the furnace, 2 


thermo 
thermo 


couples located inside the condenser, 8—thermocouple located on the outside of the retort, 9, 10—thermocouples located 


on the outside of the retort (Fig. 1 only), 11—thermocouple located on the outside of the retort (Fig. 2 only), 12 


thermo 


couple located in the side arm (Fig. 2 only). All temperatures and pressures were recorded continuously on Minneapolis- 


Honeywell Eleetronik strip chart potentiometers. 


The equipment used in the later work was the 
same as that just described, except that the retort 
was slightly V-shaped and the collecting pan was 
replaced by a side arm which extended downward 
from the tip of the V and contained a steel collecting 
crucible. The details of this retort are given in Fig. 2. 

In both cases the distance between the Pirani 
gauge and the retort was slightly greater than that 
between the Philips gauge and the retort. There was 
a right-angle turn in the pipe between the two gauges. 


much nonmetallic material as possible was removed 
from the surface. It was then placed in the. steel 
pan D and weighed while still under argon. The 
pan containing the lithium was introduced into the 
retort, which previously had been cleaned by water 
washing and grit blasting and then filled with argon. 
Finally, head K, with the water-cooled steel con- 
denser I attached, was bolted tightly into place. 
After the mixture of air and argon had been pumped 
from the retort down to a gauge pressure of less 
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than 0.04 micron, the power was turned on in the 
Globar furnace. (In the cases where the experiment 
was to be performed in an atmosphere of argon, 
nitrogen, oxygen, or hydrogen, the gas was permitted 
toenter the retort just before the power was turned 
on. In cases where absorption took place with the 
formation of lithium compounds the gas entered in 
a very slow continuous stream. It was difficult to 
regulate the rate of flow accurately and for that 
ason the retort remained connected to the pumping 
system. This insured that the desired pressure was 
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filled with argon at about atmospheric pressure and 
the head and condenser were removed. A record was 
made of the conditions inside the retort and samples 
were taken for analysis. 

In the first part of the investigation five experi- 
ments were performed in the straight retort. In 
Experiment | the lowest gauge pressure obtainable 
(<0.04 micron) was used. In Experiments 2, 3, 4, 
and 5, argon pressures of 0.1, 1.0, 360, and 740 
microns, respectively, were used. 
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SECTION “AA 


Fic. 2. Alternative unit for refining lithium by distillation. See legend for Fig. 1 


maintained.) The retort was heated until the pan 
and its contents reached a temperature of 800°C as 
indicated by means of thermocouple 2. Without 
permitting the temperature of the pan to change 
materially from this value, slow heating was con- 
tinued until the temperatures indicated by means 
of thermocouples 3 to 10 had become stationary. 
The pan was maintained at 800°C for approximately 
270 minutes, at the end of which time, except in 
one case, all of the lithium had volatilized and con- 
densed in the cooler parts of the retort. Then the 
power was turned off. When cool, the retort was 


In the second part, sixteen experiments were per- 
formed in the V-shaped retort. In Experiments 6 and 
7, pressures of less than 0.04 micron were maintained. 
In Experiments 18 and 21, argon pressures of 80 
and 450 microns, respectively, were used. In Experi- 
ments 9, 16, 19, and 20, nitrogen pressures of 30, 75, 
125, and 250 microns, respectively, were used. In 
Experiments 10, 13, 14, and 17, oxygen pressures 
of 30, 35, 50, and 75 microns, respectively, were 
used. In Experiments 8, 11, 12, and 15, hydrogen 
pressures of 10, 30, 30, and 55 microus, respectively, 
were used. 
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Results 


In the 21 experiments performed during this in- 
vestigation the charges of crude lithium varied be- 
tween 137 and 216 grams in weight. In all cases, with 
the exception of Experiment 21, the metal had com- 
pletely disappeared from the pan by the end of the 
experiment. The nonmetallic residue remaining at 
the end of each experiment weighed approximately 
1.5 grams and contained lithium, sodium, and potas- 
sium in the approximate proportions of ‘100:0.025: 
0.030. These metals probably were present mostly 
in the form of oxides. The metal which remained 
in the pan at the end of Experiment 21 weighed 


TABLE IL. Equilibrium temperatures in the water-cooled 
condenser 


Equilibrium temperature (°C) 
Thermocouple No.* 


Minimum | Maximum | Average 
4 (above pan section 1) | 480 | 655 631 
5 (above pan section 3) 420 492 467 
6 (above pan section 4) 225 275 251 
7 27 75 45 


* Thermocouple numbers are those given in Fig. 1. 


TABLE IL. Location and sodium content of refined lithium 
in straight retort experiments 


Sodium content of refined lithium (% 


Experiment Argon pressure 
No. (microns) Pan Pan Pan Pan 

section | section | section | section 
No. 1 No. 2 No. 3 No. 4 

1 <0).04* 0.002 0.002 

2 — 0.002 0.002 0.003 

3 1.0* 0.002 0.002 0.014t 

360 0.005 0.007 

5 740 0.008 


* Philips gauge reading. (The Pirani gauge was used for 
all other pressure readings.) 
t Very small amount. 


approximately 25 grams and contained 0.006 per 
cent sodium and 0.012 per cent potassium. 

The equilibrium temperatures at thermocouples 
1, 5, 6, and 7 (inside the water-cooled condenser) 
during the various experiments are shown in Table I. 
It would have been preferable to use exactly the 
same temperatures throughout the whole series but 
this proved to be impossible due to the fact that the 
cooling water was at different temperatures at differ- 
ent seasons. 

Experiments with straight cylindrical retort.—Dur- 
ing these experiments the refined lithium was con- 
densed on the water-cooled condenser and on the 
cooler parts of the retort wall, and a considerable 
part of it accumulated in the various sections of 
the collecting pan. The sodium content and location 
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in the collecting pan of the lithium produced in these 
experiments is given in Table II. At 740 microns 
practically all of the lithium was in the first section 
of the pan, indicating that it had condensed at 
comparatively high temperature. At lower pressures 
the metal condensed at lower temperatures and the 
range of temperatures was wider. At <0.04 microp 
the largest proportion of the refined lithium was 
found in the third and fourth sections of the pan: 
however, a very thin film containing both metallic 
and nonmetallic constituents was found on all of 
the cooler surfaces right back to the water-cooled 
head K, including the sight glass N. In one experi- 
ment the combination of these materials, which was 
washed from the fourth and fifth divisions of the 
condenser, contained lithium, sodium, and _potas- 
sium in the approximate proportions 100:530:10, 
In another experiment material washed from these 
same sections contained the metals in the approxi- 
mate proportions 1:450:0.7. The metal in the col- 
lecting pan also showed refinement with regard to 
potassium but it was not nearly as marked as in 
the case of sodium. This was due, at least in part, 
to the fact that there was much less potassium than 
sodium in the crude metal. 

Experiments with the V-shaped retort.—During 
these experiments the refined lithium which con- 
densed on the condenser and the wall of the retort 
flowed down into the collecting crucible S in the 
side arm. At the end of each experiment the con- 
tents of the crucible were weighed and the per cent 
yield calculated. This plus the weight of the original 
charge and the sodium content of the refined lithium 
are given in Table III. A few of the data from Table 
II are included in order to permit a direct comparison 
to be made. In general the potassium content of the 
refined lithium varied between 0.006 and 0.01 per 
cent, indicating that a considerable amount of re- 
finement had taken place in most cases. When the 
crude metal contained as low as 0.006 per cent of 
potassium no refinement with regard to potassium 
took place. 

With argon, comparatively little nonmetallic ma- 
terial condensed on the various surfaces inside the 
retort. When any one of the chemically active gases, 
nitrogen, oxygen, and hydrogen, was present at a 
pressure below about 35 microns, comparatively little 
nonmetallic material condensed. However, an im- 
portant amount of such material was produced at 
the higher pressures which were investigated. In 
the presence of oxygen a white material, probably 
lithium oxide, was formed, particularly on that part 
of the condenser where the temperature varied be- 
tween about 450° and 500°C. In the presence of 
hydrogen a white material, probably lithium hydride, 
was formed, particularly on the zone where the tem- 
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perature varied between about 350° and 475°C. In 
the presence of nitrogen, red material was formed 
in the temperature range 400° to 470°C and black 
or gray material was formed in the range 470° to 
590°C. Both of these compounds were believed to 
be lithium nitrides. 


TABLE III. Yield and sodium content of refined lithium in 
V-shaped retort experiments 


Sodium content 


Experiment Pressure Charge Yield 
No. 


(microns) (grams) (%) In In | In 
argon nitro- oxy- hydro 
gen gen | gen 
6 <0.04* 206 79 0.075 
7 176 63 (0.080 
8 10* 142 90 0.031 
9 30 137 63 (0.064 
10 198 83 (0.090 
il 208 89 0.100 
12 200 86 0.100 
13 35 196 90 0.111| 
14 50 155 61 0.011 
15 55 194 83 (0.061 
16 75 185 ().085) 
17 187 71 ao 
80 181 0.080 
19 125 177 | 66 0.166 | 
20 250 160 41 0.530) 
21 450 216 70 0.130 


Values from straight retort experiments for comparison 


1 <0.04* 209 — 0.002 
2 0.1* 214 — 0.002 
3 208 0.002 
4 360 ISS 0.007 
5 740 201 0.008 


* Philips gauge reading. (The Pirani gauge was used for 
all other pressure readings.) 


DISCUSSION AND CONCLUSIONS 


In the first part of the investigation it was clearly 
demonstrated that crude lithium containing approxi- 
mately 0.5 per cent sodium can be refined by distil- 
lation at, 800°C in a straight retort at extremely low 
pressure and in the presence of argon, the refined 
metal containing as low as 0.002 per cent of sodium. 
At gauge pressures between <0.04 and 1 micron 
the sodium content remains at approximately that 
figure. However, as the pressure is increased from 
1 to 740 microns the sodium content is quadrupled. 

At first the low carbon steel of the retort was 
found to fail at welded areas due to lithium vapor 
attack. However, after a stress-relieving treatment 
was used, no further difficulty was experienced either 
in the retort or the steel pans. 

It was found that the metal condenses at a tem- 
perature in the neighborhood of 300° to 400°C when 
the pressure is <0.04 micron. The boiling point of 
lithium at normal pressure is 1336°C. 
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In the second part of the work it was shown that 
crude lithium can be refined in a V-shaped retort 
of the design used in these experiments. However, 
the extent of the refinement is much less than that 
obtained in a straight retort, 0.011 per cent being 
the lowest sodium content obtained under these 
conditions. Here, again, the sodium content increases 
with pressure. This effect was masked to a con- 
siderable extent by the fact that the sodium content 
of the crude lithium and the weight of the original 
charge were far from constant throughout the series 
of experiments. The excellent quality of the analyti- 
cal work is demonstrated by the fact that the sodium 
content of the refined metal was found to be the 
same (0.10%) in two similar experiments. 

The potassium content of the lithium also was 
decreased by the distillation in the cases where the 
crude metal contained a comparatively high pro- 
portion of the impurity. However, no reduction in 
potassium content was obtained when that of the 
crude metal was 0.006 per cent or less. 

As might be expected, the percentage yield was 
related fairly closely to the size of the original charge. 
It is worthy of note that, at a hydrogen gauge pres- 
sure of 10 microns, a comparatively high yield of 90 
per cent was obtained in spite of the fact that the 
original charge was comparatively small. 

In the presence of the chemically active gases, 
oxygen, hydrogen, and nitrogen, the oxide, hydride, 
and nitrides, respectively, were formed at the gauge 
pressures above 35 microns which were investigated. 


ANALYTICAL RESULTS 


This investigation would have been impossible 
without the excellent work of the Analytical Labora- 
tory of the Mines Branch in developing methods of 
determining very small amounts of sodium and po- 
tassium in lithium, and in analyzing a very large 
number of samples from the different experiments. 
The analytical procedures have been published in 
Analytical Chemistry (4). It was found that extreme 
care was necessary in procuring the samples for 
analysis, and a special procedure was developed for 
that purpose. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the June 1952 issue of the 
JOURNAL. 
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Preparation and Some Properties of Hafnium Metal 


B. Lirron 


Research and Development Laboratories, Foote Mineral Company, Berwyn, Pennsylvania 


ABSTRACT 


Hafnium was separated from zirconium by a fractional distillational procedure. 
The distillate (BHfCl-2POCI,) was chemically treated to obtain HfO., which was chlo- 
rinated and subsequently reduced with magnesium to form hafnium sponge. Essen- 
tially pure metal was produced from the sponge by the thermal decomposition of haf- 
nium tetraiodide. A résumé of the properties of iodide hafnium is reported. 


INTRODUCTION 


Hafnium, discovered in 1923 by von Hevesy (1), 
occurs in nature associated with zirconium minerals. 
The hafnium content varies in these minerals from 
approximately 0.5 in zerkelite (Brazil) to 35 per cent 
in alvite (Norway) (2), based on the total hafniuni 
and zirconium content. Zircon contains approxi- 
mately 2.5 per cent, and is the most abundant source 
of the metal. Fersman (3) estimated that the earth’s 
crust contains 4-10~ per cent hafnium, indicating it 
is as plentiful as beryllium, germanium, or uranium, 
and more abundant than mercury, tantalum, colum- 
bium, and silver. 

Hafnium and zirconium resemble each other in 
their chemical behavior more than any other two 
elements. Due to this similarity, the first problem 
in hafnium preparation is in its extraction from zir- 
conium ore. Hopkins (4) states that no single opera- 
tion is known by which hafnium can be separated 
from zirconium. Consequently, the principal meth- 
ods used for extraction are fractionating procedures, 
e.g., fractional crystallization, precipitation, distilla- 
tion. 

Von Hevesy (5) first produced impure hafnium by 
sodium reduction of potassium hafniate. De Boer 
and Fast (6) obtained ductile metal by the thermal 
decomposition of hafnium tetraiodide. Although this 
decomposition method previously yielded ductile ti- 
tanium and zirconium, the hafnium produced was 
not consistently ductile. Van Arkel (7) theorized 
that lack of ductility resulted from the inclusion of 
minute traces of oxygen and nitrogen in the iodide 
metal. 

Up to the present time, only a few grams of haf- 
nium have been produced. Therefore, the objective 
of this project, was to produce essentially pure haf- 
nium for the determination of the properties of the 
metal. This paper reports data developed as a part 
of that program. 

‘ Manuscript received February 23, 1951. This paper pre- 


pared for delivery before the Washington Meeting, April 
S to 12, 1952. 
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EXPERIMENTAL WorkK 
Preparation of Hafnium Metal 


Hafnium oxide was 
produced from the chloride, obtained by the frae- 
tional distillation of a mixture of commercial zireo- 


Preparation of hafnium oxide. 


nium tetrachloride and phosphorous oxychloride (8, 
9). A fifty Oldershaw plate (10), 4-in. (10 em) diame- 
ter Pyrex glass distillation column was used. Haf- 
nium tetrachloride was concentrated in the complex 
chloride distillate, along with other low boiling chlo- 
rides, such as silicon, aluminum, and titanium. The 
final distillate, essentially corresponding to 
3HfCl,-2POCl,, was dissolved in methyl alcohol and 
treated with ammonia to precipitate hafnium oxide. 

A summary of the data on the distillation column 
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operation is shown in Table IL. The amount and} 


spectrochemical analyses of four high hafnia con- 
centrates are recorded in Table II. 

Hafnium 
tetrachloride was prepared by direct chlorination of 


Preparation of hafnium tetrachloride. 


a hafnium oxide-carbon mixture. The charge, con- 
sisting of a 3 to | weight ratio of hafnium oxide to 
20-mesh charcoal, was heated in a 5-in. (13° em) 
silica tube to 950°C and reacted with chlorine at 0.1 
ft*/min (0.8 m*) chlorine flow. The temperature of 
the tetrachloride condenser was controlled at 200°C 
to aid in volatilization of lower boiling chlorides. 
Spectrochemical analyses of hafnium tetrachloride 
are recorded in Table III. 
Preparation of hatnium sponge. Impure hafnium 
Was prepared by reacting hafnium tetrachloride with 
a 10 per cent stoichiometric weight excess of magne- 


sium powder. The reaction was carried out in a stain-| 
less steel reactor, using an annealed silver gasket for} 


compression sealing. The reactor was heated exter- 
nally to 650°C to initiate the reaction. 

On completion of the reduction, the reaction prod- 
ucts were removed from the reactor and leached with 


5 per cent hydrochloric acid. The resulting sponge} 


was then washed free of chlorides with distilled water, 
and sieved through a 20-mesh screen. 
The plus 20-mesh sponge was used for the prepa 
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ration of iodide hafnium, and the minus 20-mesh 
material was converted to oxide and returned to the 
chlorinator for reconversion to tetrachloride. 
$pectrochemical analyses of the low zirconium 
afnium sponge are reported in Table IV. The four 
lots represent 7.5 lb of sponge, which was 72 per cent 
of the metal content of the oxide. 

Preparation of iodide hafnium.—The initial experi- 
ments directed toward the purification of impure 
metal through the thermal decomposition of haf- 
nium tetraiodide were conducted in de Boer type 
Pyrex glass bulbs, described by Alnutt and Scheer 


TABLE IT. 


Calculated amount (pounds) of HfO: 
in chloride complex 


Step 
Charge Distillate 
Primary distillation 54.4 27 6 
Secondary distillation 27.6 22.0 
Tertiary distillation 29 () 17.0 
Final distillation 17.0 13.6 


TABLE IT. Weight and analyses of hafnium oxide 


Composition, per cent 


Lot Weight 
Ib 
Zr Si Al Mg Fe Ti 
6.0 1.08 0.040) c0.5 0.006 60.002 60.003 
78 3.9 0.46 0.032 ¢1.0 60.003 60.003) 60.003 
79-81 2.2 | 0.83 0.058 c1.0 0.003 60.003 60.003 
82 1.5 4.58 0.054 0.14 0.003 60.003 60.003 


¢ = greater than. 
b = less than. 


Note: Lot 82 was not processed beyond oxide stage. 


(11). During glass bulb operation, it was observed 
that iodine reacted with hafnium sponge at 300°C 
to form hafnium tetraiodide. The tetraiodide was 
wistable at an observed temperature of 1100°C, and 
decomposed at that temperature to form hafnium 
and iodine. A tungsten core-wire, 0.004-in.(0 .01 em) 
diameter, resistance heated, was used in the glass 


bulb to provide the incandescent surface. 

The metal prepared in glass bulbs was dull gray 
in luster, and smooth in appearance. Confirming the 
experience of de Boer and Fast (6) some of the first 
rods were not ductile. Lack of ductility was attrib- 
uted to the possible inclusion of gaseous contamina- 
tion, probably hydrogen (12) based on the assump- 
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tion that neither oxygen nor nitrogen was transferred 
to the growing rod. 
Because of the temperature limitation of Pyrex 


glass, subsequent iodide hafnium preparation was 


carried out in an Inconel metal bulb, a cross section 
of which is shown in Fig. 1. Its dimensions were 
4-in. (10 em) OD by 12-in. (30 em) long, with pro- 
vision for an annular sponge space measuring 3-in. 
(2 em) thick and 6-in. (15 em) high. Electrodes for 
supporting the core-wire were constructed from 4-in. 
(1.3 em) diameter molybdenum rods. Molybdenum 
wire screen retained the sponge in the annular space. 


Summary of data on distillation column operaiion 


Calculated per cent of HfO: in 


distri i 
complex chloride distillate Distribution of losse 


9.5 10% fume loss. 39.3% residue 
containing less than 1.5% 
HfOs. 

45.0 5% fume loss. 15% residue 
containing less than 2% 
HfOs. 

89.0 5% fume loss. 18% residue 
containing less than 2% 
HfOs. 

98.5 10% loss due to glass break- 


age. 10% residue containing 
less than 2% HfOs. 


The metal obtained from Inconel bulb operation 
had a bright metallic luster and was crystalline in 
appearance. Crystal bars were uniform in hardness 
and ductility. A typical hafnium crystal bar is shown 
in Fig. 2. Table V records the spectrochemical analy- 
ses of six iodide hafnium bars produced during this 
work. 


Properties of Iodide Hafnium 


Lattice parameter.—The lattice parameter of haf- 
nium was determined from annealed strip, which 
was previously cold rolled from an arc-melted ingot. 
The specimen was irradiated with copper radiation 
using a 0.005-in. (0.1 em) nickel filter. Preliminary 
identification of the lines was done with a Jette 
designed asymmetrical camera and a Hull-Davey 
chart. The patterns used for determining the param- 
eters were from a 4-in. (10 em) diameter Jette design 
back-reflecting, symmetrical focusing camera with 
theta angles from 60 to 85 degrees. A recording densi- 
tometer was used for measuring the line spacing. 
Calculations were made using Cohen’s method ap- 
plied to lines (006), (205), and (106). Lines (213) and 
(302) were measured, but not included in the caleu- 
lations. 
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TABLE III. Spectrochemical analyses of hafnium tetrachloride 


Source of chloride* 
Lot No. 


Si Al Mg 
S 0.009 1.0 0.004 
78, 79-81 0.035 0.27 0.009 


b = less than. 
* Refer to Table LI. 


The specimen used had the following analyses: 


Element Composition, per cent 
Si 0.034 
Al 0.066 
Mg 0.008 
Fe 60.003 
Ti 
Ni 0.008 
Ca 0.011 
Cu 0.004 
0 0.037 
N 0.004 
Zr 0.78 
Hf* (99.042) 

b = less than. 


* Hf—by difference. 


The lattice parameters were: 
a—3.1883 A 
c—5.0422 A 
Therefore, 13.37 was the atomic volume, and 13.36 
the calculated density. These values agree with simi- 
lar measurements reported by de Boer and Fast (5). 

Density.—A pyknometer was used for measuring 
the density of iodide hafnium. The density obtained 
on crystal bar was 13.09 g/cm’. The discrepancy be- 
tween calculated (13.36) and measured density was 
probably due to the zirconium content and to voids 
in the crystal bar. 

Transformation temperalure.—Zwikker (13) re- 
ported that au allotropic transformation occurred in 
hafnium between 1502° and 1627°C, based on abnor- 
mal variation in electrical resistivity with tempera- 
ture. The resistivity of hafnium with temperature 
was determined during this investigation, using rela- 
tively insensitive equipment. No abnormal change 
in resistivity was observed up to its melting point. 
Allotropic transformations in titanium and zirco- 
nium are known, and a similar change, i.e., from 
close-packed hexagonal to body-centered cubic, was 
likewise anticipated in hafnium. 

Recently, Duwez (14), using a technique de- 
scribed by Greninger (15), observed the transforma- 
tion on hafnium prepared during this work at 1310° 
+ 10°C. The transformation was of the diffusionless 
type, and unaffected by rate of cooling. 


Composition, per cent 


Fe Ti Ni Ca Cu Zr 
60.003 60.003 0.006 0.011 0.006 2.2 
60.003 60.003 | 0.006 0.017 0.0009 2.0 


TABLE IV. Spectrochemical analyses of hafnium 
sponge 
Lot No. 


Element 1 | ? | 3 4 


Composition, per cent 


Si 60.003 60.003 60.003 0.023 
Al 0.010 0.050 0.13 0.505 
Mg 60.003 0.007 0.006 0.057 
Fe 60.003 60.003 60.003 0.082 
Ni 0.006 0.006 0.007 60.003 
Ca 60.003 60.003 bO .003 .003 
Cu 0.002 0.001 0.002 0.014 
Zr 1.59 0.85 1.07 0.93 
Hf* (98.38) (99.07) (98.77) (98.38) 


* Hafnium by difference exclusive of unknown oxygen, 
nitrogen, and hydrogen content. 
b = less than. 


TO VACUUM 
TO VACUUM 
AND SEAL-OFF 
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HAFNIUM SPONGE 
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Fic. 1. De Boer type Inconel bulb for preparing iodide 
hafnium. 


Melting point.—The melting point of hafnium was 
measured with a Leeds & Northrup calibrated opti- 
cal pyrometer under a partial pressure of zirconium- 
gettered argon. Since no literature reference was 
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found on the spectral emissivity of hafnium, an 
emissivity of 0.43 (the emissivity of beta-zirconium) 

was used. At 0.65 micron wavelength, and a trans- 
mission coefficient of 0.904 for Pyrex glass, the av- 
erage corrected melting point, on duplicate test speci- 
mens, Was 2130° + 15°C. 


Fic. 2. Typical view of erystal bar produced by ther- 
mal decomposition of hafnium tetraiodide, Lot No, 789, 350 
grams, 9/16 in. (1.4 em) diameter. 


Lot No. 773 774 775 


n.d.—none detected. 
b—less than. 
n.r.—not reported. 
* Charge consisted of ductile iodide hafnium produced in me 


Hardness. 
nium were: 


Typical hardness values for iodide haf- 


43 


These values are in substantial agreement with the 
Values of Vickers 179 (5 kg) and 206 (0.6 kg) re- 
ported previously (6). 
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Malleability of hafnium.—The cold malleability 
of iodide bar and arc-melted hafnium was investi- 
gated. No appreciable difference was observed in the 
cold swaging and rolling properties of these mate- 
rials. When cold reduced more than 30 per cent in 
thickness, the metal fractured easily when bent. 
However, it could be cold reduced 65 per cent in 
thickness without severe edge cracking. 


110 
90 
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4 O TITANIUM 
8 504 
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0 20 40 60 80 100 


PER CENT COLD REDUCTION 


Fig. 3. Influence of cold work on the hardness of iodide 
hafnium, zirconium, and titanium. 


TABLE V. Speci:ochemical analyses of iodide hafnium 


Type bulb Glass Metal Glass Metal Metal Metal 
Charge lodide Hi* Sponge lodide Hf* Sponge Sponge Sponge 
Element Composition, per cent 
Si 0.06 0.032 0.017 0.011 0.015 0.084 
Al 0.035 0.040 0.042 60.003 0.018 0.074 
Mg 60.003 60.003 60.003 60.003 60.003 0.004 
Fe 60.003 0.005 60.003 60.003 0.006 60.003 
Ti 60.003 60.003 60.003 60.003 60.003 60.003 
Ni 0.006 0.007 0.018 0.009 0.007 0.007 
Ca 60.003 60.003 0.005 60.003 60.003 0.009 
Cu 0.0006 0.007 0.005 0.001 0.005 0.002 
O 0.034 0.050 0.047 0.014 0.020 nr 
N 0.007 n.d. n.d. n.d. n.d. nr 
Zr 0.86 0.70 0.86 0.78 0.70 0.89 
Hf (98.985 ) (99.150) (98 .997 ) (99.170) (99.220) (98.924) 
Note: Hf—by difference. 


tal bulbs from sponge degassed at 800°C, 


Data showing the increase in hardness of are- 
melted hafnium with per cent cold reduction are 
plotted in Fig. 3. For comparison, unpublished data 
are included on the work hardening of iodide zirco- 
nium (16) and titanium (17). The shapes of the work 
hardening curves for the three metals were similar, 
but at different hardness levels. 

Recrystallization temperature.—After cold rolling 
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to 65 per cent reduction in thickness, specimens were 
annealed under argon for one hour at temperatures 
from 500° to 800°C. Hardness measurements were 
made, and the metallographic structure studied to 
determine the recrystallization temperature. The 


TABLE VI. Daia for determining recrystallization 
temperaiure 


Annealing tem Rockwell B — 
perature* Hardness 
500 104 Cold worked 
600 99 Cold worked 
700 93 Partly reerystallized 
800 Reerystallized 


* Specimens were heated under argon for one hour. 


Fic. 4. Reerystallized structure of cold-worked hafnium. 
Specimen heated one hour at 800°C, Etchant: modified 
Tucker’s reagent. 


Fic. 5. Microstructure of iodide hafnium crystal bar. 
Etehant : modified Tucker’s reagent. . 


data indicated that the recrystallization temperature 
range for cold-worked iodide hafnium was between 
700° and 800°C. The data are shown in Table VI, 
and the recrystallized structure is shown in Fig. 4. 
Microstructure of iodide hafnium.—The metallo- 
graphic structure of crystal bar consisted of very 
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large polyhedral grains, relatively free of impurity 
phase. A typical microstructure is shown in Fig, 5. 

Oxidation resistance.—The resistance of iodide haf. 
nium to oxidation was determined by heating speci. 
mens of swaged rod in still air for 2 hours at 759° 
and 950°C. The weights gained were 240 and 77) 
mg/dm*. In comparison, similarly treated high pu- 
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Fic. 6. Increase in surface hardness resulting from heat- 
ing hafnium in air at 750° and 950°C for two hours. 


TABLE VIL. Corrosion of hafnium meial 


Corrosion 


Reagent 


Solubility mmd Penetration ipy 

%6.2% HoSO, soluble 
10% H.SO, 3.17 0.00035 
37% HCl 11.9 0.00130 
10% HCI 3.17 0.00035 
69.7% HNO; 1.59 ().00018 
10% HNO, 3.19 0.00035 
50% NaOH 1.59 0.00018 
20% NaCl.. 0.80 0.00008 
1:1 HCI:HNO, 1143.0 0.13 
1:1 HCI: . $.39 0.00048 
1:1 HNO,: H.SO, 1728.0 0.19 

0.00044 


Fuming HNO,... 3.97 


rity zirconium gained 216 and 1473 mg/dm®, respec: | 
tively, at the two temperatures (16). 
Hardness measurements were made on polished 
cross sections of the oxidized specimens to determine 
depth of penetration of the oxidized zone. The data | 
are recorded in Fig. 6. It was observed that the hard- | 
ness of hafnium was not affected below a depth ol 
0.15 mm by heating in air for 2 hours at 950°C. 
Corrosion of hafnium metal.—The corrosion resist- 
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ance of hafnium metal in selected chemical reagents 
was studied. Duplicate cold-worked (28% reduction) 
hafnium sheet specimens [0.015 in. (0.04 em) by 0.75 
in. (2em) by 0.375 in. (1 em)] were totally immersed 
in 50 em’ of the corrosive solutions for two weeks at 
35° + 1°C under stagnant conditions. Results are 
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1450°C, and an iodine to sponge weight ratio of 1 
to 50. 

4. The properties of iodide hafnium are shown in 
Table VIII. In general, the metal was harder and 
less readily worked than zirconium, but was more 
resistant to oxidation in still air at high temperature 


listed in Table VII. The data indicated that the 
corrosion resistance of hafnium was excellent, but 
less resistant to these reagents than zirconium (18). 


(950°C). Its resistance to oxidation indicated that 
the metal was amendable to hot working operations 
in air above its recrystallization temperature. 
TABLE VIIL. Properties of iodide hafnium 


Quantity Value 


Reference 
Atomic number 72 Metals Handbook, ASM (1948) 
Atomic weight 178.6 Metals Handbook, ASM (1948) 


HCP to BCC 
1310° + 10°C 

a = 3.1883 A 

c = 5.0422 A 
13.37 em*/g atom 
13.36 g/em* 
13.09 g/cm? 
2130° + 15°C 

30 microhm-em 


Crystal structure 
Transformation temperature 
Lattice parameter (A3) 


Zwikker (13) 
Duwez (14) 


Atomic volume 
Density: (a) calculated. . 
(b) measured 
Melting point 
Resistivity 
Temperature, coefficient of resistance 
(0°-100°C) 0.0044 


P. Clausing (see Ref. 6) 


P. Clausing (see Ref. 6) 


Hardness Vickers 152 
Rockwell A 43 
Rockwell B 78 
Malleability 30% max cold reduction 


Reerystallization temp 
Oxidation resistance 


700°-800°C 
Good; 0.15 mm penetration for 2 hours 
at 950°C in still air 


Corrosion resistance Excellent, but slightly inferior to zir- 


conium 


Résumé of the properties of iodide hafnium.—A ré- 
sumé of the properties of iodide hafnium are shown 


in Table VIII. 


SUMMARY AND CONCLUSIONS 


1. A fractional distillational procedure was used 
to obtain hafnium tetrachloride from commercially 
pure zirconium tetrachloride. The hafnium tetrachlo- 
ride was concentrated in four distillations as 
3HfCl,-2POC];, which was chemically treated to 
eliminate phosphorous oxychloride and to obtain 
hafnium oxide, containing approximately 1.5 per 


cent zirconium oxide. 


2. The hafnium oxide was converted to hafnium 
tetrachloride, and subsequently reduced to impure 
hafnium metal with magnesium powder. 

3. Essentially pure iodide hafnium was produced 
by the de Boer process. Ductile rods were not con- 
sistently obtained until after the sponge was thor- 
oughly degassed at 800°C. This anomalous behavior 
was attributed to hydrogen transfer during the 
thermal decomposition process. Bulbs were operated 
at 300°C with a core-wire temperature of 1100° to 
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Mechanical Properties of Are-Cast and Powder Metallurgy 


Molybdenum 


James H. BecuToLp AND Howarp Scorr 
Westinghouse Research Laboratories, East Pittsburgh, Pennsylvania 
ABSTRACT 


Having found that molybdenum can be so wrought and annealed as to have high 
ductility when fully reerystallized, an effort was made to make a comparison in this 
preferred condition of one lot of molybdenum as consolidated by powder metallurgy 
methods with another lot consolidated from powder by are casting. The results show 
very little difference between these products in tensile properties determined over 
a range of temperatures above and below atmospheric or in creep strength at 1600°F. 
Particularly significant is the finding of a well-defined transition between ductile and 
brittle fracture on tensile test at a temperature only slightly below atmospheric which 
is similar to that occurring in iron at lower temperatures. 

The fine-grained, fully reerystallized condition in pure molybdenum is unfavorable 
to creep strength as it is known to be in other pure metals, but its creep strength is 
remarkably high relative to other pure metals of lower melting point and even to alloys 


of the same. 


INTRODUCTION 


Due to its high melting point, availability, and 
good high-temperature creep properties, molybde- 
num is one of the most promising base metals for the 
development of heat-resistant alloys capable of sup- 
porting useful loads at temperatures above 871°C 
(1600°F) (1). There are, however, serious difficulties 
that must be surmounted prior to its engineering 
acceptance. Molybdenum forms a low melting and 
highly volatile oxide which rapidly consumes the 
metal when exposed to air at temperatures above 
790°C (2), a condition that may be improved by 
alloying. Pure molybdenum has the reputation of 
being a brittle metal at room temperature and its 
alloys would be expected to be even more brittle. 
Furthermore, it has a relatively low yield strength, 
the improvement of which for engineering use again 
requires alloying whether oxidation resistance is re- 
quired or not. Ductility is therefore a primary con- 
cern in both pure molybdenum and in its alloys. 

It is desirable to determine the major factors which 
influence the ductility of pure molybdenum as meas- 
ured by the tensile test. Previous experience in other 
alloy systems had shown that grain size plays a 
dominant role, ductility being higher the finer the 
grain size. Sykes’ (4) data appear to confirm this 
relation for molybdenum wires. Complete recrystal- 
lization to an equiaxed grain size was also found to 
be favorable although in our early experiments with 
molybdenum, annealing had yielded a brittle prod- 
uct. Extensive studies of the work hardening and 
recrystallization of pure molybdenum disclosed 
means for rolling and annealing molybdenum so that 

‘Manuscript received April 16, 1951. This paper pre- 


pared for delivery before the Washington Meeting, April 
8 to 12, 1951. 


a uniformly fine grained and completely recrystal- 
lized structure could be obtained consistently. 

The properties of molybdenum fully annealed to a 
fine grain size are of considerable interest because they 
throw into relief the characteristics which led to the 
reputation for brittleness. Moreover, it is a most 
favorable condition for comparisons to show the 
effect of composition or other variables. Particularly 
pertinent at the moment is the possibility of inher- 
ent differences in mechanical properties between 
“powder metallurgy” and “‘are-cast’’ molybdenum. 

Molybdenum cannot be melted and cast by con- 
ventional means because of its high melting point. 
Nevertheless it can be consolidated into ingots suit- 
able for working into usable forms by either “powder 
metallurgy”’ techniques or by the more recent ‘“are- 
casting” process. The latter process was developed 
to a practical status by Parke and Ham (3). Ingots 
as produced by these processes differ in chemical 
content, microstructure, and mechanical properties. 
These differences may be seen in Table I. The higher 
carbon and lower oxygen content of the latter re- 
sults from the addition of carbon as a deoxidizing 
agent, this addition apparently being necessary to 
produce forgeable ingots (3). The addition of a 
deoxidizing agent is unnecessary in the powder met- 
allurgy process since the sintering is done in a reduc- 
ing hydrogen atmosphere. 

In the “‘as cast”’ or “‘as sintered”’ condition, both 
types of molybdenum are relatively weak and very 
brittle and only after suitable working and anneal- 
ing operations is ductility obtained at atmospheric 
temperatures. However, tests here and by Sykes (4) 
indicated an abrupt transition from ductile to brittle 
behavior at slightly below atmospheric temperatures. 
Apparently the behavior of molybdenum in service 
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applications at close to atmospheric temperatures is 
largely governed by the temperature at which this 
transition occurs. For this reason, the tensile tests 
reported here were made to determine if both are-cast 
and powder metallurgy molybdenum when in a com- 
parable condition would exhibit an abrupt transition 
to brittle behavior at the same or different. tempera- 


TABLE I, 
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the Westinghouse Electric Corporation and the are. 
cast molybdenum by the Climax Molybdenum Com. 
pany. Differences in the initial condition of these 
materials are quite striking as shown by Fig. | and 2. 
The are-cast molybdenum ingots have a coarse co. 
lumnar grain structure while those of powder metal- 
lurgy molybdenum are very fine and equiaxed, 


Chemical composition and tensile properties of are-casi and powder metallurgy molybdenum in the 


cast’”’ or ‘‘as sintered’? condition 


Tensile Properties* Diamond Density 
load (50 kg load) per cm! 
CSN-108 Are-cast 0.031 0.0002 0.0056 Spectrographie Not available as 
traces of Fe, Si, cast 
Cu, Mg 
CSN -408 Are-east 0.031 0.0005 Spectrographic Parallel to ingot 
traces of Fe, Si, axis 
Cu, Mg 1. 45,400 0.4 165 10.04 
2. Broke as load 
was applied 
3. 49,000 1.5 
Perpendicular to 
ingot axis 
42,800 0.5 
WNS-208 Sintered 0.004 0.006 0.0041 Spectrographie Perpendicular to 
traces of Fe, Si, ingot axis 
Cu, Mg 1. 84,700 0.0 161 9 8-10.0 
2. 76,500 0.0 


* Test specimen: 0.225 in. (0.570 em) diameter over 0.550 in. (1.4 em) gauge length, shoulder loaded tensile specimen. 


Fic. 1. Are-east ingot of molybdenum. 1X 
tures. This transition temperature is believed to be 
an exceptionally sensitive criterion of differences in 
inherent ductility. 
EXPERIMENTAL PROCEDURES AND RESULTS 
Metal Preparation 


The powder metallurgy molybdenum used for this 
investigation was supplied by the Lamp Division of 


Fic. 2. Microstructure of molybdenum ingot as produced 
from powder by pressing and sintering, * WNS-20S. 750X 


Because of its fine grain structure, the powder metal- 
lurgy molybdenum can be worked by forging or roll- 
ing at relatively low temperatures which are below 
the recrystallization temperature. However, an initial 
high-temperature hot forging or rolling operation is 
required to break down the coarse columnar grail 
structure of the arc-cast ingots. Once this coarse 
grain structure is eliminated, the arc-cast molybde- 


Vol. 9. 


num 
same ] 
num. 

powde 
ment 

anneal 
since t 
ture, \ 
proper 


Consoli 
Lot ide 
Source 

Impurit 


Initial 


Rolling 


Final m 
~30 1 


Botl 
diamet 
recelve 
sample 
got, pr 
forging 
arce-Cas 
tered”’ 
coarse] 
pared 
same 
structt 
ing wa 
betwee 
being 
bars w 
tion in 
moly be 
denum 
were 

Tens 
chined 
“as rol 
hour a 
treatm 
and eq 
hificati 
and ere 

The 
series ¢ 
and at 


= 
4 
| = 


luced 


etal- 
roll- 
elow 
ritial 
on is 
yarse 


‘bde- 


Vol. 98, No. 12 


num can be rolled or forged into sheet or bars by the 
same procedure as the powder metallurgy molybde- 
num. The small, equiaxed grain structure of the 
powder metallurgy ingots also facilitates the attain- 
ment of a fine grain structure after working and 
annealing. This is a very desirable characteristic 
since the only method of controlling the microstruc- 
ture, Which in turn largely controls the mechanical 
properties, is by work hardening and annealing. 


TABLE IL. Description of material tested 


Consolidation process 
Lot identification 


Are-casting 

CSN-108 

Climax Molybdenum Co. 

0.031% Carbon 

0.0002% Oxygen 

0.0056% Nitrogen 

Spectrographie traces of Fe, Si, Cu, Mg 

2) in. (5.4em) diam billet as hot 
worked. Grain size #4.7 ASTM 

Rolled from 2} in. (5.4 em) diam to 
Zin. (1.6em) diam, rolling temp 
1030-930°C 


Source 
Impurities 


Initial condition 


Rolling procedure 


Final microstructure as annealed 1150°C 
-30 min and furnace cooled Grain size *7.3 ASTM, 1200 grains, 


mm?. See Fig. 3 


Both materials were obtained as 2} in. (5.4 em) 
diameter bars, the powder metallurgy ingots being 
received in the ‘‘as sintered”? condition. The arc-cast 
samples had been forged from a larger ‘tas cast” in- 
got, probably 4 or 6 in. (10-15 em) in diameter. This 
forging operation produced a grain structure in the 
are-cast molybdenum similar to that of the ‘tas sin- 
tered”” powder metallurgy ingot, but considerably 
coarser. It was possible to roll both materials as pre- 
pared from 2§ to 3 in. (5.4 to 1.6 em) round by the 
same procedures and to obtain almost identical grain 
structures after a final recrystallization anneal. Roll- 
ing was done with frequent reheats at temperatures 
between 1030° and 930°C, the time of reheating 
being regulated to avoid recrystallization so the 
bars were effectively work hardened with a redue- 
tion in area of 91 per cent, Table Il. Except for a few 
molybdenum carbide particles in the are-cast molyb- 
denum, no nonmetallic inclusions or microporosity 
were observed in either material after rolling. 

Tensile and creep-rupture specimens were ma- 
chined from the 3 jn. (1.6 em) diameter bars in the 
“as rolled”? condition and then annealed for one-half 
hour at 1150°C in dry hydrogen. This annealing 
treatment produced the completely recrystallized 
and equiaxed grain structures shown at 100 mag- 
hifications in Fig. 3 and 4. Dimensions of the tensile 
and creep-rupture specimens are shown in Fig. 5. 

The tensile specimens were pulled to fracture at a 
series of temperatures above and below atmospheric 
and at a slow approximately constant strain rate of 


between 


perature. 
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2.8-10~ see! (100% per hour). This strain rate is 
slightly slower than that ordinarily used for the 
static tensile test. The testing machine used for the 
tensile tests embodies features of the tensile testing 
machine described by Nadai and Manjoine (5) with 
the structure of the creep testing machines described 
by Manjoine (6). Total deformation between cross- 
heads was autographically recorded from the start 
of loading to fracture. Constant strain rate tensile 


Powder metallurgy 

WNS-208 

Westinghouse (Bloomfield) 

0.004% Carbon 

0.006% Oxygen 

0.0041% Nitrogen 

Spectrographic traces of Fe, Si, Cu, Mg 

in. (5.4 em) diameter ingot as 
sintered. Grain size *#9.4 ASTM 

Rolled from 2} in. (5.4em) diam to 
sin. (1.6em) diam, rolling temp 
1030-930°C 


Grain size *7.8 ASTM, 1650 grains 
mm?*. See Fig. 4 


Fic. 3. Worked and recrystallized are-cast molybdenum. 
Sample #*CSN-10S. Average grain size, ASTM #7.3 (1200 
grains/mm?). 


tests could be made at any desired temperature 
—196° and 1100°C. In addition to the 
standard tensile specimens, V-notched tensile speci- 
mens were tested, in the same manner, to illustrate 
the effect. of a stress system different from that of 
uniaxial tension on the ductile-brittle transition tem- 


The most significant method for evaluating the 
load-carrying capacity of a material at elevated tem- 
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perature is by the “‘creep-rupture”’ test, i.e., measure 
the time and strain to rupture of a specimen under 


2. 


STANDARD TENSILE TEST SPECIMEN 
RADIUS 
358 
"356014. 


@kn 
ou 


NOTCHED TENSILE SPECIMEN 


| | 
253 
2 52 DIA. 


CREEP-RUPTURE SPECIMEN 


Fic. 5. Dimensions of test specimens 


constant load. Specimens of the are-cast and powder 
metallurgy molybdenum were tested by this method 
at 871°C. Creep-rupture machines of the type de- 
scribed by Manjoine (6) were used. The tests were 
made in a dry hydrogen atmosphere since at 871°C 
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molybdenum oxidizes rapidly in air. The creep speci- 
mens were machined from the same bars and _ re- 


Fic. 4. Worked and recrystallized powder 
metallurgy molybdenum. Sample *WNS- 
20S. Average grain size, ASTM #7.8 (1650 


grains/mm). l0OX. 
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TEST TEMPERATURES 
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| 
STRAIN RATE, 28X10 


& @ 20 30 40 50 60 
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Kia. 6. Stress-strain curves of are-cast molybdenum 
crystallized to the same grain size as the tensile 
specimens. 

Tensile Test Results 

The autographic stress-strain curves obtained at 
several test temperatures with the standard tensile 
specimens of arc-cast and powder metallurgy molyb- 
denum are replotted in Fig. 6 and 7, respectively. 
These curves show as anticipated that there is an 
abrupt change in the tensile properties of molyb- 
denum and that it occurs at slightly below atmos- 
pheric temperatures. Characteristic points on the 
stress-strain curves are noted and these values to- 
gether with reduction in area are plotted against 
test temperature in Fig. 8 and 9 to show broadly 
how properties change with test temperature. Re- 
duction in area values at 100°C and higher are 
approximate and probably low because of longi- 
tudinal splitting in the neck prior to transverse 
fracture which made it impossible to measure area 
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accurately after fracture. For this reason, the frac- 
ture stress for the specimens tested at 100°C and 
above also is somewhat uncertain. However, these 
conditions did not exist in the temperature range 


} © UPPER YIELD POINT 


© LOWER YIELD POINT 
& ULTIMATE | 
= FRACTURE | 


| 23°C | 


| 


SAMPLE , WNS - 20S fl 
GRAIN SIZE, ASTM 78 


STRAIN RATE, 28x10~* Sec”! 
1 


1000 PSI 


STRESS 


4 
20 30 40 50 60 70 
PLASTIC STRAIN’ (PERCENT ELONGATION) 


Fic. 7. Stress-strain curves of powder metallurgy molyb- 
denum. 


SAMPLE, CSN-10S | | 
GRAIN SIZE, ASTM #7.3 
STRAIN RATE, 2.8x10~* Sec 
160 + 
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2140 4 
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Fig. 8. Effect of test temperature on tensile properties 
of are-cast molybdenum. 


of most interest, namely, that of transition from 
ductile to brittle fracture. 

Both materials had pronounced upper and lower 
yield points, a characteristic commonly observed 
after certain heat treatments in metals with the 
bedy-centered cubic crystal structure. This yield 
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point phenomenum in molybdenum is believed to 
be related to the nitrogen content (7). Annealed 
mild steel also has upper and lower yield points 
which also have been correlated with nitrogen or 
carbon or both (8). 

The curves in Fig. 8 and 9, in particular the total- 
reduction-in-area curves, best illustrate the abrupt 
transition from ductile to brittle behavior that occurs 
in molybdenum at slightly below atmospheric tem- 
peratures. If, for the purpose of comparison, a ‘“‘tran- 
sition temperature”’ is defined as that temperature 
at which the total reduction in area attains a value 
halfway between the maximum and minimum values, 
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Fic. 9. Effect of test temperature tensile properties of 
powder metallurgy molybdenum. 


DUCTILITY -% 


transition temperatures of +5° and —25°C are ob- 
tained for the arc-cast and the powder metallurgy 
molybdenum, respectively. Above this transition 
zone both the arc-cast and powder metallurgy molyb- 
denum have excellent ductility, but below this zone 
both materials are completely brittle. The slightly 
lower transition temperature of the powder metal- 
lurgy molybdenum does not indicate any  signifi- 
cant superiority for the powder metallurgy product 
but probably was due to the smaller grain size and 
the normal variation to be expected from sample 
to sample. 

The transition from ductile to brittle behavior 
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i 
was also apparent from the fractured test speci- 
mens, as can be seen for the arc-cast molybdenum 
in Fig. 10. The double fractures in the specimens 
tested at —74° and —36°C were probably due to 
elastic shock waves. The powder metallurgy speci- 
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-74°C -7°C 20°C 


-36°C 


Fic. 10. Fractured tensile specimens of are-cast molyb 
denum. One-half size 
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Fic. 11. Yield strength and reduction in area of iron and 
molybdenum as a function of the testing temperature. 


mens tested below the transition temperature also 
had double fractures. 

Microscopic examination of the fractured surfaces 
revealed that the types of fractures in the are-cast 
and powder metallurgy molybdenum specimens were 
similar. Below the transition temperature, trans- 


granular-cleavage fracture was observed, fracture 
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occurring through the grains, probably on the 100 
crystallographic planes, and with no measurable plas. 
tic deformation. The fractured surface was bright, 
typical of the fracture observed in most brittle metals 
that fail by cleavage, and approximately normal 
to the direction of loading. Microscopic examination 
of the fractured surface showed well-defined cleay- 
age facets which had numerous strain markings, 
even in the specimens for which no measurable 
plastic deformation was observed. The specimens 
tested in the transition range also failed with a 
bright, cleavage type of fracture, normal to the 
direction of loading. The cleavage facets in these 
specimens had numerous strain markings and were 
rounded and somewhat distorted. The specimens 
tested above the transition temperature had a dull, 
fibrous type of fracture similar to the so-called due- 
tile-shear fracture in mild steel. Numerous longi- 
tudinal splits were observed in the necked-down 
region of the specimens tested above the transition 
zone and, due to the large amount of plastic de- 
formation, microscopic examination was difficult and 
inconclusive. 

An abrupt transition from ductile to brittle be- 
havior is not a unique characteristic of molybdenum, 
Iron and ferritic iron base alloys show a similar 
behavior at a much lower temperature. Tungsten, 
tantalum, chromium, and other metals that have 
a body-centered cubic crystal structure will un- 
doubtedly exhibit this behavior when tested under 
comparable conditions. This behavior has not been 
observed in metals and alloys that have a face- 
centered cubic erystal strueture such as copper, alu- 
minum, and austenitic stainless steels. The striking 
similarity of the behavior of molybdenum at slightly 
below room temperature and iron at close to the 
boiling point of liquid nitrogen is illustrated in Fig. 
11. The curves for the iron were replotted from ten- 
sile data of Geil and Carwile (9) for annealed ingot 
iron. 

The reasons for an abrupt transition from ductile 
to brittle behavior in the body-centered cubic metals 
has not been determined; however, many of the 
factors which affect the temperature at which this 
transition occurs have been identified. Unpublished 
tensile data on molybdenum obtained by one oi 
the authors and numerous tests on steel (10-12), 
for example, show that increased strain rate, stress 
conditions that restrain the flow of the metal, or an 
increase in the grain size will raise the transition 
temperature. Strain hardening induced by rolling, 
forging, or drawing lowers the transition temperature 
in the direction of metal flow or at least result in 
retaining some ductility below the transition tem- 
perature. However, the ductility normal to the di: 
rection of flow is reduced by strain hardening. Nov: 
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metallic impurities, such as carbon, oxygen, and 
nitrogen, that form interstitual solid solutions prob- 
ably raise the transition temperature. It would be 
of considerable interest to know if body-centered 
cubic metals completely free of these impurities 
would exhibit such a behavior. 

The mentioned effect of one of the factors on the 
transition temperature can be illustrated by tests 
on notched tensile specimens. A notch creates a 
condition which inhibits plastic flow and causes local 
stress concentrations at the root of the notch. The 
specimen, Fig. 5, used to determine the effect of 
such a change in contour has a V-notch with a small 
root radius. The calculated elastic stress concen- 
tration factor (13) at the root of the notch is 3.1. 
The reduction in area, proportional limit, and true 
stress at fracture for the notched tensile specimens 
are plotted as a function of the testing tempera- 
ture in Fig. 12 and 13. Comparing these figures 
with Fig. 8 and 9, it can be seen that the transition 
from ductile to brittle behavior was 120°-150°C 
higher than for the standard tensile specimen. 

Probably of greater importance than the higher 
transition temperature is the very low fracture stress 
below the transition temperature. The fracture 
stresses in Fig. 12 and 13 are the average over the 
reduced area under the notch. However, due to 
stress concentration, a stress several times this aver- 
age value can occur at the root of the notch. In 
and above the transition range sufficient plastic 
deformation occurs at the root of the notch to relieve 
the stress concentration, but below the transition 
temperature molybdenum behaves in an almost 
elastic manner and the stress concentration is not 
relieved. This results in a high local stress at the 
root of the notch which causes a crack to start and 
propagate across the reduced section of the specimen 
at a very low average stress. If the average frac- 
ture stress below the transition temperature is multi- 
plied by the axial stress concentration factor, 3.1, 
the actual stress at the root of the notch at fracture 
isfound to be approximately the same as that for the 
standard tensile specimens tested below the transi- 
tion temperature. These results illustrate the im- 
portance of avoiding sharp changes in contour in 
parts made of molybdenum that must support loads, 
especially dynamic. loads, at close to atmospheric 
temperatures. 

The notched specimens failed with the same types 
of fractures as those observed in the standard tensile 
specimens. Below the transition zone, the typical 
brittle cleavage fracture was observed, while above 
the transition zone, dull, fibrous fracture occurred. 
In the transition zone the fracture surface was either 
of the bright, cleavage type or a combination of this 
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type at the edge of the specimen with the dull, 
fibrous type at the center. 
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Fic. 12. Effect of test temperature on the notched bar 
tensile properties of are-cast molybdenum. 
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Fic. 13. Effect of test temperature on the notched bar 
tensile properties of powder metallurgy molybdenum. 


Neither the standard tensile specimens nor the: 
notched specimens were tested at fast strain rates 
such as encountered in conventional impact tests. 
The strain rate was of the same order of magnitude 
as ordinarily used for the so-called static tensile tests 
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and an increased rate of testing would raise the tem- 
perature of transition from ductile to brittle be- 
havior for both the notched and the standard ten- 
sile specimens. Accordingly, extreme caution must 
be used in applying room temperature tensile data 
for predicting the behavior of molybdenum in service 
applications close to room temperature. A part fabri- 
‘ated from molybdenum may behave in an entirely 
different manner in operation than is indicated by 
room temperature tensile tests if the loading condi- 
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Fic. 14. Creep and rupture properties of are-cast and 
powder metallurgy molybdenum tested at 1600°F in hy 
drogen. 
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Fic. 15. Comparison of molybdenum with iron and co- 
balt and with two high temperature alloys on basis of stress 
to produce rupture in 100 hours. 


tions such as stress system, strain rate, and size de- 
part materially from those of the tensile test. 


Creep-Rupture Tests 

When subjected to a constant load at an elevated 
temperature, metals gradually deform plastically, 
i.e., “ereep.’’ The creep rate varies in a complex 
manner with time and most metals show three dis- 
tinct stages of creep. During the initial stage, the 
metal deforms at a relatively rapid but continually 
decreasing creep rate. This initial stage is followed by 
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a second stage during which the creep rate is es- 
sentially constant at a minimum value. If the test 
is continued for a sufficiently long time, the creep 
rate again increases progressively and rupture soon 
follows. The useful life of a material is established 
by the start of the final creep stage which is ordi- 
narily called the transition point. The transition 
point is defined herein as the point on the creep- 
rupture curve where the creep rate exceeds the 
minimum creep rate by 10 per cent. 

The rupture life, the transition point, and the 
minimum creep rate are plotted as a function of 
stress in Fig. 14. These curves show that arc-cast 
and powder metallurgy molybdenum have very sim- 
ilar creep-rupture properties. The arc-cast molybde- 
num had a slightly longer rupture life and slower 
creep rate at 20,000 psi but not at 15,000 psi so it 
is doubtful that there is any significant difference 
between them. The plastic strain at rupture, or 
when the test was completed if stopped before rup- 
ture, is also recorded in Fig. 14 and shows the high 
degree of ductility of molybdenum at 871°C. 

In Fig. 15 the 100-hour rupture strength of molyb- 
denum, iron, cobalt, and two of the better so-called 
“super alloys” are compared. The 100-hour rupture 
strength for molybdenum at 871°C was obtained 
from Fig. 14 and at higher temperatures from tests 
reported by Scott (1) on completely recrystallized 
but relatively coarse-grained swaged molybdenum 
bars. The data for iron and cobalt were results (14) 
of creep-rupture tests on “‘Puron” and a sample of 
commercial cobalt. Both the iron and cobalt were 
in the annealed condition. Refractaloy 70 is a 
wrought, precipitation hardened, nickel-cobalt. base 
alloy and Stellite 31 is a precision-cast cobalt base 
alloy. 

Although pure molybdenum was found to have as 
good or better rupture strength above 900°C than 
Refractaloy 70 or Stellite 31, it does not mean that 
pure molybdenum would be as good a material for 
normal high temperature applications, especially 
where oxidation resistance or dimensional stability 
is required, since at these temperatures pure molyb- 
denum oxidizes very rapidly. Even in a reducing 
atmosphere, molybdenum creeps rapidly during the 
initial stage of creep and this prohibits the use of 
pure molybdenum in many applications where di- 
mensional stability is important. The high initial 
creep can be partially eliminated by work hardening 
the material before use but, for applications above 
900°C, the work-hardened material would eventually 
recrystallize with subsequent rapid creep. The ex- 
cellent ductility indicates that it should be possible 
to add a considerable amount of alloying elements 
to molybdenum, thereby improving first stage as 
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well as over-all creep strength, and still retin satis- 
factory high temperature ductility. 


SUMMARY AND CONCLUSIONS 


The most favorable condition for determining the 
inherent physical properties of a metal is when it has 
been fully annealed, that is, completely recrystallized 
toa uniform equiaxed grain size devoid of preferred 
orientation. This is normally the most. ductile and 
reproducible condition for metals but previous ex- 
perience with molybdenum has been contradictory, 
a residue of work hardening appearing to be essential 
for good cold ductility. It has been found, however, 
that molybdenum has high cold ductility as fully 
annealed when it is in the fine grained condition. 
The attainment of this condition requires attention 
to several details during work hardening before an- 
nealing such as initial grain size, degree and tem- 
perature of work hardening, and total reduction 
in area at temperatures below the recrystallization 
temperature. Having determined practical controls, 
billets of powder metallurgy and of are-cast molyb- 
denum were processed in nearly as identical con- 
ditions as possible and submitted to appropriate 
mechanical tests. 

The reputed cold brittleness of molybdenum is 
found to be associated with a transition from ductile 
to brittle fracture on tensile test which transition 
occurs at the unusually high temperature of 0° to 
—35°C even in the fine grained, fully annealed prod- 
uct tested here and at considerably higher tem- 
peratures in coarser grained metal. The brittle con- 
dition is characterized by a cleavage type fracture 
such as occurs in iron near liquid air temperatures. 
Above the transition temperature the ductility of 
molybdenum is quite high, reduction in areas at 
fracture around 80 per cent being observed. 

The transition temperature is influenced by a 
number of factors, one of which, stress distribution, 
was studied here using a notched tensile specimen 
with a theoretical stress concentration factor of 3.1. 
This condition raised the transition temperature of 
both types of molybdenum to 125°C. Above this 
temperature both lots were quite ductile, reduction 
in area values of over 50 per cent being observed. 

The occurrence of this transition near room tem- 
perature and the pronounced influence of many fac- 
tors on its temperature is undoubtedly the reason 
for inconsistencies in the behavior of molybdenum 
as tested or used at room temperature. Meticulous 
control of fabrication is required for maximum duc- 
tility cold but such control obviously is not alone 
sufficient to assure serviceability under severe con- 
ditions of assembly or use. Lowering of the transition 
temperature of molybdenum by alloying may be 
possible as it is in iron by the addition of nickel, 
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but the alloying agent must do more than com- 
pensate for its own hardening effect which of itself 
would be expected to raise the transition tempera- 
ture. 

Creep-rupture tests were also made at 871°C be- 
cause of the attractive characteristics of molyb- 
denum as a base metal for high temperature alloys. 
As expected, the creep and rupture strength of 
molybdenum in the fine grained annealed condition 
is low relative to that of the metal in some other 
conditions, but is still very high compared with the 
other pure metals used as the base for current high 
temperature alloys and superior to the best of the 
conventional alloys at temperatures above 900°C. 
Undoubtedly this property can be considerably im- 
proved by alloying and possibly some degree of 
atmospheric oxidation resistance conferred as well 
with retention of reasonable hot ductility, but there 
are grave doubts that the high temperature strength 
required for gas turbine application can be obtained 
in combination with useful cold ductility. 

None of the tests reported here show any signifi- 
cant difference between molybdenum prepared by 
powder metallurgy techniques and that produced 
by are casting when both are in a comparable struc- 
tural condition, although there are considerable dif- 
ferences in their hot-working characteristics. Chemi- 
cally there are differences, particularly in carbon, 
nitrogen, and oxygen contents. One or more of these 
elements may be responsible for the upper and lower 
yield points observed in both materials, a phenome- 
non associated in iron with small quantities of very 
low solid solubility elements. Material of extremely 
high purity will have to be prepared and tested to 
answer the questions raised by these observations 
and steps are being taken to produce such material. 
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ABSTRACT 


The sesquicarbide of uranium, UsC;, has been found to exist as a stable compound 
below about 1800°C. At higher temperatures, it decomposes into UC and UC». It has 
not been produced directly from the melt but only by heating a mixture of UC and 
UC, between 1250° and 1800°C. A slight amount of stressing, even as little as that inei- 
dental to handling a specimen, is necessary to initiate the reaction. An experimentally 
determined density of 12.7 g/em* agrees very well with a density of 12.88 g/em*, caleu- 
lated from x-ray data. The erystal structure of the compound had been found to be 
body-centered cubic, having a space group symmetry /43d and a unit-cell dimension 


of ao = 8.088 + 0.001 A, 


INTRODUCTION 


In 1896, Moissan (1) first prepared a compound 
of uranium and carbon to which he assigned the 
formula UsC;. Careful chemical analysis and metal- 
lographic observation of uranium carbide, prepared 
by others (2, 3) by the same method, indicated the 
correct formula to be UC.. 

With the advent of the Manhattan District Proj- 
ect, there was renewed interest in the uranium- 
carbon system. Rundle, Snow, and co-workers at 
the Iowa State College studied the system and pro- 
posed a tentative constitution diagram (4, 5). They 
concluded that uranium sesquicarbide does not exist 
at ordinary temperatures even in a metastable state, 
but that at very high temperature (probably above 
2000°C) it ‘‘must indeed exist.’’ This was inferred 
from microscopic and x-ray investigations. Quenched 
samples gave a Widmanstitten structure of UC 
and UC.. Powder x-ray diffraction patterns showed 
“single crystal” reflections. However, the reflections 
were due to both UC and UC, arranged so that their 
crystal axes were mutually parallel to the main 
edges of the apparently single crystal. 

In the course of an investigation of the uranium- 
carbon system in the compositional range of the 
carbides UC and UCs, it has been found that UeC; 
can be formed from a mixture of UC and UC.. 
This report describes the preparation and properties 
of the sesquicarbide. 


PREPARATION 


The alloys used in this investigation were made 
by are melting under an argon atmosphere in an 
enclosed water-jacketed copper crucible using a mov- 
able graphite electrode. The melting stock, which 

‘ Manuscript received March 1, 1951. This paper prepared 
for delivery before the Philadelphia Meeting, May 4 to 8, 
1952. The work reported herein was done under Contract 


W-7405-eng-92 for the United States Atomie Energy Com- 
mission. 


or 


consisted of high-carbon uranium-carbon master al- 
loy (10-12 weight per cent carbon) mixed with pure 
uranium chips, was charged continuously into the 
furnace during the melting operation. The original 
ingot was crushed and remelted at least once to 
achieve greater homogeneity. Pieces of these ingots 
were then given various heat treatments. 

The sesquicarbide of uranium was first observed 
by metallographic means in a specimen containing 
about 7.5 weight per cent carbon. The specimen had 
been heated at 1500°C for one hour in vacuum and 
cooled in the furnace, with the power off, at the 
cooling rate of the furnace, 100°-150°C per minute. 
The observation of the new phase was later sub- 
stantiated by x-ray diffraction studies. UC; was 
subsequently observed in varying amounts in alloys 
containing from about 5.4 to 8 weight per cent 
carbon that had been heated in vacuum in the 
temperature range of 1250°-1750°C, and then cooled 
in the furnace at the rate of cooling mentioned above. 
Alloys approaching the theoretical composition of 
U.C; (7.03 weight per cent carbon) formed larger 
amounts of U.C; than those of either higher or 
lower weight per cent carbon. To date, no sample 
containing wholly UC; has been produced, although 
some have contained 90 per cent UsC;. Small areas 
(up to } in. across) of apparently pure U.C; have 
been found in some samples. 


MiIcROSTRUCTURE 


U.C; can be readily identified under the micro- 
scope and also distinguished from either UC or 
UC,. It etches at a rate that appears to be inter- 
mediate between the etching rate of UC and that of 
UC, when dip-etched in an etchant composed of 
equal parts by volume of nitric acid, acetic acid, 
and water. This etchant was used on all metal- 
lographie specimens studied. UC stains much more 
rapidly than U.C; which, in turn, is easier to stain 
than UC, in this etchant. Also, when U-C; is pro- 
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duced, it always occurs as a broadening and agglom- 
erating of the precipitated phase, whether it be 
UC or UC2, except when the composition is stoichio- 
metric for the formula UeC; (7.03 per cent C). When 
UC is present as the excess phase, it is always stained 
from shades of yellow and pink to dark blue or 
purple, depending on the etch, in preference to 
U.C; which may then appear either unstained or 


2 a NS 


Fic. la. Are-melted ingot of about 5.4 weight per cent 
carbon. Matrix (dark), UC; grain boundary and precipitate 
(light), 


Fic. 1b. Same field as Fig. la after heat treating at 
1600°C for 1 hour in vacuum and cooling in the furnace at 


100°-150°C per minute. Dark phase, UC; light phase, U.C; 
. 


golden brown in color. When UCs, is the excess 
phase, the U.C, is always stained golden brown to 
blue in preference to the UC,, which appears rela- 
tively bright or unstained in this case. However, 
when UC, exists in very great excess along with 
free carbon (above about 8.5 weight per cent carbon), 


it may also appear stained, but the presence of the 


free carbon makes this case identifiable. 


Fig. 1 shows the change in structure that occurs 


+ 
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in an alloy of about 5.4 weight per cent carbon, 
The “as-cast”? or ‘tare-melted”’ structure, shown jn 
Fig. la, is typical of alloys of about this composition, 
The dark matrix, which is the monocarbide, UC, 
is usually multicolored in pastel shades varying from 
yellow to pink or green when etched. The grain- 
boundary precipitate and also the Widmanstiitten 
type of precipitation within the grains is the di- 
carbide, UC., and usually appears brightly metallic 
and apparently unetched. The three Vickers im- 
pressions which were used to mark the field can 
be noted near the right edge of the photomicrographs, 

Fig. 1b shows the same field as Fig. la after trans- 
formation to ULC; has taken place as a result of 
heat treating the sample at 1600°C for one hour 
in vacuum and cooling in the furnace. The heat- 
treating temperature of 1600°C was chosen to pro- 
duce U.C; in this sample and the two others to be 
described, because U.C; forms readily and rapidly 


7 
\ 
carbon. Dark phase, UC; light phase, UC.. 


at this temperature. The matrix phase is again the 
monocarbide, UC, but in this case the grain-bound- 
ary phase is the sesquicarbide, UsC;. Careful exami- 
nation shows almost a complete absence of the 
Widmanstitten precipitation within the grains. The 
UC, appears to have been consumed, almost entirely 
in reacting with the UC to form U2C;, leaving UC 
as the excess phase. 

Fig. 2a and 2b show photomicrographs of the 
same field in a sample containing about 7.2 weight 
per cent carbon. In the ‘as-cast’? structure of the 
sumple, which is typical of the structure found in 
alloys of approximately this composition, one may 
note a reversal of the phases shown in Fig. la which 
was discussed above. Here, the dicarbide, UC., (un- 
etched phase) is the matrix phase, while the mono- 
carbide, UC, (dark etching) is the phase precipitating 
out both at the grain boundaries and also along 
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crystallographic planes within the grains to form 
a Widmanstatten structure. 

The Widmanstitten structure of a mixture of 
UC and UC, has been reported as evidence of the 
existence of U.C; at temperatures above 2000°C. 
An alternate interpretation is that this structure is 
formed by the precipitation of UC or UC. from a 
solid solution of these phases. Therefore the exist- 
ence of UC; is not necessarily a prerequisite to the 
formation of such a structure. 

Heating this sample (7.2 per cent carbon) at 
1600°C for one hour in vacuum and cooling in the 
furnace produced the completely recrystallized struc- 
ture shown in Fig. 2b. The center of this field shows 
a region that has been almost completely trans- 
formed to U.C;, while in the upper left-hand corner 
of the photomicrograph, small light dots of UC, 
may be noted. The lack of similarity between Fig. 


Fic. 2b. Same field as Fig. 2a after heat treating at 1600°C 
for 1 hour in vacuum and cooling in the furnace at 100° 
150°C per minute. Almost entirely U2C3; small light dots 
(upper left-hand corner), UC2. 200X. 


2a and 2b is believed due to the completeness of 
the transformation that took place in the sample. 

Fig. 3a and 3b show the nature of the transforma- 
tion to UsC; in alloys of about 7.9 weight per cent 
carbon. Fig. 3a shows a typical ‘‘as-cast’’ field, the 
matrix phase being the dicarbide, UC., while the 
precipitating phase is the monocarbide, UC, as one 
would expect. However, in the case of alloys in this 
range of carbon contents, a relatively small amount 
of UC exists. Theréfore, no appreciable grain-bound- 
ary precipitation has taken place, nor has the 
Widmanstitten type of precipitate formed within 
the grains as was noted in Fig. 2a. Instead, UC is 
preferentially precipitated on only one set of crys- 
tallographie planes within each grain. Grains in 
which a broad spacing of the UC lamellae are evi- 
dent, such as the one in the upper right-hand side 
of Fig. 3a, are so oriented that the plane of the 
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polished face is almost parallel to the plane of pre- 
cipitation of UC and, therefore, cuts it at a very 
small angle. 

Fig. 3b shows the same field as Fig. 3a after the 
sample had been heated at 1600°C in vacuum for 
one hour and cooled in the furnace. The similarity 
bet ween the two photomicrographs is apparent. Here 
U.C; can be seen as a broadening and agglomerating 


7.9 weight per cent 


Fic. 3a. Are-melted ingot of about 
carbon. Within each grain: matrix (light), precipitate 
(dark), UC. 200x. 


Fic. 3b. Same field as Fig. 3a after heat treating at 
1600°C for 1 hour in vacuum and cooling in the furnace at 
100°-150°C per minute. Within each grain: matrix, UC2; 
broad precipitate, UsC;; fine precipitate, UC. 200x. 


of some of the UC lamellae. Not enough UC is 
present at this composition to permit a grain-bound- 


ary precipitate of U.C; to be formed. 


PROPERTIES 


U.C; is a hard, brittle metallic material having a 
bright luster when fractured. In comparison to U2C,, 
UC is brittle and UC, is tough. The density of the 
compound has been experimentally determined to 
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be 12.7 + 0.1 g/em*. Once formed, the compound 
appears to be stable from subzero temperatures 
(—196°C) to about 1800°C. It can easily be con- 
verted to UC and UC, by merely heating to some 
temperature above about 1800°C, holding for a short 
period of time, and then cooling in the furnace. 
The chemical properties of UoC; have been studied 
briefly. The results are tabulated in Table I. 


ANOMALIES IN THE FORMATION OF U.C; 


To date, it has been impossible to form ULC; by 
cooling a sample, having the proper carbon content, 
into the temperature range 1250°-1800°C, holding 
in this range for a reasonable period of time, and 
then cooling in the furnace. It was also found that 
samples, heated at 2000°C, then cooled to room 
temperature and held for periods of time up to 60 
hours without removing from the furnace, also failed 


TABLE I. Reaction* of UsC; with various reagents 


| Concentrated stock solution Diluted wie equal volume 


Reagent 


| Room temp | Warm (75°C) Room temp Warm (100°C 


H.SO, Ss S (Black- 5s M (170°C) 
ened) 

HC.H,0- N N N N 

HCl N V N Ss 

HNO, Ss M(Stained N(Stained M 
brown) brown) 

KOH N N N Ss 

H.O N N 


* The reaction rate was based on gas evolution from 
lumps | in. to } in. in diameter. 


N—none, S—slight, M—mild, V—vigorous. 


to transform to UsC; when reheated at 1600°C for 
one hour and cooled in the furnace. 

No U.C; formed unless the sample underwent a 
certain amount of stress between the heat treatment 
at 2000°C and that at 1600°C. The following experi- 
ment was performed to prove this fact. Three samples 
of are-melted ingot of about 7.2 weight per cent 
carbon were heated at 2000°C in vacuum for one- 
half hour and then cooled in the furnace for one 
hour. They were then removed from the furnace and 
handled in the following manner: one sample was 
removed from the crucible and merely placed in a 
glass vial on the work bench for one-half hour; the 
second sample was removed from the crucible and 
placed in a vacuum bottle containing liquid nitrogen 
for one-half hour; the third sample was mechanically 
ground and polished as for metallographic examina- 
tion. The samples were then replaced in the crucible 
in the furnace; the furnace was evacuated and heated 
at 1600°C for one hour, and then cooled in the 
normal manner. Subsequent examination under the 


December 1951 


microscope revealed that transformation to U.C, 
had occurred in all three of the samples. The greatest 
amount of UsC; was noted in the sample that had 
been polished between the heat treatments. The 
other two samples transformed to U.C; about equally 
but to a lesser extent. 

A second experiment was performed in’ which 
samples of an ingot containing about 7.2 weight per 
cent carbon were heated at 2000°C for one-half 
hour in vacuum and then cooled to 1600°C. They 
were then held at 1600°C for two hours in vacuum, 
being jostled about in the crucible, at intervals, by 
means of a remotely controlled tungsten rod during 
the 1600°C heat treatment. Microscopie examina- 


TABLE IIL. Diffraction data for U2C; 


Sin? hkl I (Observed )* T (Calculated for U 
0.08606 211 MF 0.25 
0.11475 220 Ms 0.48 
0.14343 310 MS 0.61 
0.20081 321 MF 0.29 
0.22949 400 VVF 0.03 
0.31555 332 MF 0.33 
0.34424 422 F 0.18 
0.37293 510 + 431 Ss 0.24 + 0.46 
0.43030 521 M 0.38 
0.45899 440 VVF 0.07 
0.48767 530 VF 0.07 
0.54505 611 + 532 Fr 0.08 + 0.15 
0.57374 620 VVF 0.05 
0.60242 541 M 0.41 
0.65980 631 MF 0.14 
0.68848 444 MF 0.39 
0.71717 543 + 710 M 0.40 + 0.10 
0.77454 721 + 633 Ss 0.44 + 0.27 
0.80323 642 Ss 1.00 
0.83192 730 MF 0.38 
0.88929 732 + 651 Ss 0.01 + 0.83 
0.91798 800 MF 0.43 
0.94666 741 M 0.33 


* S—strong, M—medium, F—faint, V—very. 


tion revealed the samples to be quite completely 
transformed to UsCs. 

These experiments all support the belief that the 
mechanical working which took place prior to or 
during the heat treatment was the most important 
factor in promoting the formation of U.C;. Other 
factors, such as the liquid-nitrogen treatment, appear 
to add nothing to the effect of the stressing which 
is incidental to handling the specimen. 


CrystTAL STRUCTURE 


Three carbides of uranium are known to exist: 
UC, U.Cs3, and UC,. The structures of UC and UC, 
have been reported, but until the present investi- 
gation there have been no data available on the 
diffraction pattern or structure of U.C;. 
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The method of preparation of UC; was discussed 
previously in this paper. All samples of U.C;, ex- 
amined by x-ray diffraction, have contained either 
UC or UC, in small amounts. All x-ray data have 
been obtained by powder methods. The photograms 
were taken with Fe K-radiation filtered through 

The diffraction lines of the powder photogram are 
sharp, and show little or no shift: with composition. 
This fact, plus the difficulty in obtaining a single- 
phase U.C; material, indicates a low solubility of 
UC or UC, in ULC; and a very narrow single-phase 
field. 

Table II gives the diffraction data of all the ob- 
served reflections after eliminating those diffraction 
maxima attributed to UC or UC.. The observed 
sine-squared thetas are consistent with cubic sym- 
metry with a unit cell of dimension ay = 8.088 + 
0.001 A. 

The experimental density was found to be 12.7 
g/cm* which is in good agreement with the value 
12.88 g/em® caleulated on the assumption of eight 
molecules per unit cell. It is seen from Table II 
that the translation group is body-centered. The 
absences required by the body-centered lattice occur; 
furthermore, (hAl) reflections are absent where | 4 2n 
and 2h + / # 4n. These restrict the possible space- 
group symmetry to /43d. 

On the basis of intensity considerations and ruling 
out other atomic configurations, the atomic positions 
of the 16 uranium atoms of this structure are placed 
at point position 16 

(000; $34) plus xxx; $4+x, }—x, $—N; 
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X, $+x; 34+x, }—x, 3—x; 
i—x, $+x, }-—x; }-—x, 34x. 

The added criterion for this special set of equiva- 
lent points, that (h + k + 1) # 4n be absent when 


h = 2n, k = 2n and 1 = 2n is fulfilled by the 
observed data. The parameter value was found to 
be x = 0.20, by trial and error measurements, neg- 


lecting the carbon atoms, 

The last column of Table II presents the caleu- 
lated intensities on the basis of the U atoms alone. 
The carbon atoms were not considered because they 
would not contribute sufficiently to be detected by 
x-ray diffraction. However, sufficient space exists 
in the structure for the 24 carbon atoms. 
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Discussion Section 


THE STRUCTURE OF METAL DEPOSITS OBTAINED 
BY ELECTROCHEMICAL DISPLACEMENT 
UPON ZINC 


M. E. Straumanis and C. C. Fang (pp. 9-13) 


T. P. Hoar!: Mr. T. W. Farthing and I are investigat- 
ing the dezincification of brass by passing very small 
anodic currents and noting the change of potential; the 
potential rises as current flows, but falls again when it is 
shut off, owing to the diffusion of zine from the alloy bulk 
into the surface. Experiments with cathodically deposited 
zine give similar evidence of diffusion of zinc inward. We 
find that the zine diffusion is very slow in annealed brass 
at room temperatures but is relatively rapid in heavily 
cold-worked and in quenched material, where many more 
lattice defects may be expected; it is also more rapid along 
grain boundaries. In Dr. Straumanis’ experiments, the 
deposited metal must be very lattice-defeetive and have 
small grain size, so that we should expect a relatively easy 
diffusion of zine. 

M. E. 


size of the deposits was very small as concluded from the 


SrRAUMANILS: In all our experiments the grain 


broad back reflection lines of the x-ray powder photo- 
graphs (see Fig. 1b appearing on page 11 of the article). 
Therefore, the diffusion of codeposited zine into the cop- 
per particles was greatly favored, being in accordance with 
Dr. Hoar. It could not be stated 
whether or not, in addition, the lattice of the copper 
particles was distorted. 


the observations of 


It is also possible to show thermodynamically that zine 
can be deposited by its own emf in a very thin (mono- 
molecular) layer on another metal if this metal reacts 
with zine, e.g., forming a solid solution. The formation of 
a thicker laver becomes possible if the rate of diffusion of 
zine into the cathode at room temperature is not too low. 

As explained in the paper, the deposition of brass may 
also occur directly, because for this process the potential 
produced by the dissolving zine is quite sufficient. 


THE EFFECT OF ACOUSTICAL RADIATIONS ON THE 
HYDROGEN ELECTRODE 


Ernest Yeager and Frank Hovorka (pp. 14 20) 


Dennis R. Turner®: Your reversible H» electrode, I 
presume, is a platinized-platinum surface. Our experience 
with this electrode in depolarization experiments has in- 
dicated a definite number of adsorption positions for 
atomic hydrogen at the cathode surface. Would this knowl- 
edge simplify vour calculation since a term @ involving 


This Discussion Section includes discussion of papers 
appearing in the JourNan of The Electrochemical Society, 
98, No. 1-6 (January-June 1951) 

' Department of Metallurgy, University of Cambridge, 
Cambridge, England. 

* Westinghouse Research Laboratories, East Pittsburgh, 
Pennsylvania. 
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adsorption was used early in the mathematical develop. 
ment? 

ERNEST YEAGER AND FraNK Hovorka: The treatment 
in this paper is general with respect to the type of elee- 
trode surface and the extent of polarization of the hydro- 
gen electrode. A platinized-platinum surface, however, js 
particularly interesting for the case of the polarized hy- 
drogen electrode as well as the limiting case of the reversi- 
ble electrode because of the large number of possible sites 
for the adsorption of atomic hydrogen and the relatively 
large fraction (8) of these sites occupied under ordinary 
conditions. 

In the derivation the assumption has already been 
made that the number of available sites per unit area is a 
definite value for a specific surface. The fraction @ is re- 
placed by the term «x7, where + is the instantaneous surface 
concentration of atomic hydrogen and 1/x represents the 
value for the surface concentration if all of the sites were 
to be oceupied. Information concerning the exact number 
of sites occupied under experimental conditions, however, 
is a prerequisite to the evaluation of several of the arbi 
trary constants in the derivation. 

H. M. Zimmerman*®: Have you observed similar phe- 
nomena in the case of nongaseous electrodes? 

ERNEST YEAGER AND FRANK Hovorka: Similar phe- 
nomena have not been observed with nongaseous elec- 
trodes either at ultrasonic frequencies or at audio fre- 
quencies®. Ultrasonic waves of 200 ke/see have been found 
to produce alternating components of the order of 0.01 
volt per atmosphere (rms acoustical pressure) in the poten- 
tial of a cathodically polarized, platinized-platinum elee 
trode in a 0.001 normal sulfuric acid solution at a current 
density of approximately 50 ma/em*. Alternating poten- 
tials of the order of 10~° volts have been observed under 
similar circumstances with copper sulfate solutions of 
comparable conductivity as the electrolyte. The latter 
residual a-c effect appears to be associated with ionic 
vibration potentials®. Experimental results concerning the 
alternating components produced by acoustical waves in 
the potential of gaseous electrodes will be published in the 
near future. 

Hersert C. Cocks’: I would like to point out that the 
effect dealt with in this paper will probably be of theoreti- 
cal, and perhaps even of practical, importance in the 
corrosion of metals when moisture is present. The cathodic 


* Research Laboratories, National Carbon Company, 
Cleveland, Ohio. 

‘Work currently in progress in the Ultrasonic and Elee- 
trochemistry Laboratory at Western Reserve University 
under contract with the Office of Naval Research (Contract 
No. N7 onr 47002, Projeet No. NR 051 162). 

V. Nikitin, J. Gen. Chem. (U.S.S.R.), 10, 97 (1940). 

Yeacer, J. Bucosu, F. Hovorka, ano J. McCar- 


ruy, J. Chem. Phys., 17, 411 (1949); kk. Yeacer, J. BuGoss, 


F. Hovorka, Proce. Phys. Soc. (London), B64, 83 (1951). 
*“Halfway,’? Onslow Crescent, Woking, Surrey, Eng- 
land. 
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reaction in many cases of metallic corrosion is hydrogen 
evolution and this would appear to be subject to the effect 
of vibration in a similar way to that of the hydrogen 
electrode. Many corroding metallic structures are subject 
to vibration. 

In the course of experiments in recording the corrosion 
currents between the constituent metals of metallic 
couples, the writer observed that .the corrosion current 
was decreased when a 50 cycle a-c motor adjacent to the 
corrosion cell was running. The currents being recorded 
were of the order of microamperes and the metallic couples 
were immersed in natural sea water. Precautions were 
taken to avoid any direct or inductive effect of the motor 
on the couple, and the decrease in current observed could 
only be attributed to vibration. 

From another point of view, the effect of the acoustical 
vibrations on the hydrogen electrode may be closely re- 
lated to phenomena studied by Brown‘, Allmand and 
Puri’, and Allmand and Cocks'®. These phenomena in- 
cluded the variation of the output of a primary cell when 
alternating current of a wide range of frequencies was 
superposed on the d-c output of the cell. The effeet would 
be related to that observed at the zinc, but probably not 
to that at the carbon electrode. 

Ernest YEAGER AND FRANK Hovorka: The effects of 
acoustical waves on the corrosion of metals is probably 
more directly related to the increase or decrease of the d-c 
potentials of the metals of the couples. Experimental work 
in our laboratory! at ultrasonic frequencies (e.g., 300 ke 
sec) indicates that sound waves with an intensity of 1 
watt/em? are capable of lowering hydrogen overvoltage 
on smooth platinum by well over 0.1 volt. This d-e effect 
is probably associated with cavitation produced by the 
sound waves in the vicinity of the electrode surface. A 
decrease in hydrogen overvoltage would be expected to 
increase rather than decrease the corrosion currents. The 
experiment which Mr. Cocks cites, however, is at audio 
frequencies and involves anodic as well as cathodie proc- 
esses; hence, it is not comparable either acoustically or 
electrochemically with the work at ultrasonic frequencies. 
Such effects warrant further investigation. 


THE FORMATION OF MOLYBDENUM.  DISILICIDE 
COATINGS ON MOLYBDENUM 


E. A. Beidler, C. F. Powell, I. E. Campbell, and L. F. Yntema 
(pp. 21-25) 

W. B. Cranpaui™: In what form was the crystalline 
siliea found to be? 

E. A. Berp.er, er Au.: Two forms of silica were present 
in the surface layer on oxidized molybdenum disilicide. 
One of these was identified as cristobalite. The other, not 
identified, was probably quartz (either crystalline or fused). 

KE. J. Cuaprn™: Have the coatings been subjected to 


*S.G. Brown, Proc. Roy. Soc. (London), A90, 26 (1914). 
*A. J. ALLMAND AND V. 8. Puri, Proc. Roy. Soc. (Lon- 
don), A107, 126 (1925). 

“A. J. ALLMAND ano H. C. Cocks, Proc. Roy. Soc. 
London), A112, 252 (1926). 

See Footnote 4. 

" Alfred University, Alfred, New York. 

'’ Naval Research Laboratory, Washington, D. C. 
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alternate heating and cooling, and what are the effects on 
the coatings? 

i. A. Bernier, ev AL.: One of the first molybdenum 
disilicide coatings prepared was heated and cooled between 
200° and 1700°C for 100 cycles. The heating or cooling 
period was about one second, or less. During the first ten 
or so cycles, there was an audible cracking of the coating, 
accompanied by slight oxidation of the base as indicated 
by smoke formation. This effect ceased after approximately 
ten cycles, and no further oxidation was evident during 
the remainder of the shock test. 

Subsequent tests have shown that siliconized molyb- 
denum stands up very well under alternating temperatures 
under load as well as under no load. 

Sipney Barnarrr": Are there any molybdenum-silicon 
solid solutions in the coatings formed by this siliconizing 
process? 

A. Berpter, ev In most cases the coating con- 
sists of an outer layer of substantially pure MoSio with an 
intermediate layer of substantially pure MoSi. Under 
some conditions an outer layer of silicon is obtained which 
undoubtedly contains a limited amount of molybdenum 
in solid solution. On prolonged heating, a third silicide 
not completely identified develops at the molybdenum- 
coating interface. Undoubtedly some silicon is in solution 
in the molybdenum underbody, but there is no solid-solu- 
tion layer in the coating. 

Joun T. Mitek”: Have any of the silicon layers been 
tested for transitor applications or semiconductor appli- 
cations? 

Kk. A. BeEIDLer, ET AL.: Some tests on the semiconductor 
properties of solid molybdenum silicides have been made 
at Battelle, but the silicide coatings have not been so 
tested. Since molybdenum silicide exhibits metallic-type 
conduction, it is doubtful that it would have any transistor 
applications. 

Bruce W. Gonsrer'®: We consider this Work on the 
molybdenum silicides to be a development of major im- 
portance. The formation, properties, and practical behavior 
of the coatings discussed here are examples. However, the 
field of application is rather broad, and opportunities are 
excellent for improvement and for using this same type of 
silicide protection on metals other than molybdenum. By 
combining the techniques of depositing molybdenum on 
some other base, followed by siliconizing, for example, the 
scope of this protection conceivably can be extended where 
the cost and added complexity are justifiable. Likewise, 
opportunities in forming refractory silicides of the other 
high melting metals and alloys should not be overlooked, 
even though at present the molybdenum silicides seem 
like the most promising for very high temperature sta- 
bility. 

It is to be hoped that more papers in this field will be 
available to the Society soon as a result of continuing 
work by Battelle, the Fansteel Metallurgical Corporation, 
and others. 


'’ Westinghouse Research Laboratories, East Pittsburgh, 
Pennsylvania. 

879 Wright Avenue, Alliance, Ohio. 

'® Battelle Memorial Institute, Columbus, Ohio. 
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A MICRO SOLUTION-POTENTIAL 
MEASURING TECHNIQUE 


L. W. Smith and V. J. Pingel (pp. 48-50) 


Herserr ©. Cocks”: This micro-technique is of con- 
siderable interest and should be of value in studying the 
potential relationships of very small locations on metal 
surfaces. 

The writer is of the opinion, however, that great caution 
should be exercised in applying the values of solution po- 
tentials so obtained. The reasons for this are as follows. 
When, for instance, the potentials of a grain and grain 
boundary are being considered, a couple is really being 
studied. In this connection, the time factor is of great 
importance, because if a metal “A” of ordinary size exhibits 
a static potential slightly more negative than that of 
another, “B,” 
does not necessarily follow that metal “A” 
to metal “B” 
flowed between them for even half an hour. 

The writer has found that this is so in experiments 
carried out in the Royal Aircraft Establishment, England, 
with couples consisting of two aluminum alloys of slightly 
different composition and of slightly different static poten- 
tial immersed in natural sea water. The polarity of the 


when immersed in a given electrolyte it 
will be anodic 
in the same electrolyte after current has 


couple may change many times in the course of months. 
Similar changes in polarity with time were also observed 
with the couple copper /beryllium-copper. Another exam 
ple of the importance of the time factor is that of the 


sudden change in potential of “superpure’ aluminum 
(99.9997) in natural sea water observed by the writer. 
The potential changed from approximately —0.75 to 

1.3 volts (saturated calomel electrode = zero) after 
immersion for about a fortnight. Corrosion of metals is 
usually a long term process and results found for experi- 
ments of short duration may not be applicable. 

The possibility of the film of plastic used in the tech- 
nique influencing the potential by excluding air should 
also be borne in mind; the potential of, for example, a 
grain might be changed by exclusion of air from an ad- 
jacent boundary in contact with it 


DICHROMATE REDUCTION RATE AT A STEEL 
SURFACE IN AIR-FREE, ACETIC ACID SOLUTION 


Norman Hackerman and Ray M. Hurd (pp. 51 56) 


Dan Trivicn®: The paper does not mention the com- 
plexing of the trivalent chromium by the acetate. Such 
complexes do exist, and, in fact, in analyses of chromium 
solutions for sulfate, acetate is added to form a chromium 
complex in order to release the sulfate ion from a complex. 
Since the acetate complex here would control the chromic 
ion concentration, one of the products of the corrosion 


reactions, the dependence of the rate on the total acetic 
acid concentration might perhaps be explained better by 


such complexes rather than by the fairly small pH varia 
tion. Tests of such a hypothesis could be made by intro 


Onslow Crescent, Woking, Surrey, Eng 


'’ Department of Chemistry, Wavne University, Detroit, 


Michigan. 
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ducing some chromic ion initially or by varying the ace. 
tate concentration at constant pH. 

Further, such a hypothesis, if correct, would predict 
that the total amount of corrosion would be lowered by 
introducing some reaction products, here chromic and 
ferric (or ferrous) iron in addition to the dichromate, rather 
than building up an equilibrium concentration of reaction 
products at the expense of the steel to be protected. 

NorMAN HackerMAN: The effect of complexing in this 
system, as in all other corrosion systems, is one which 
should not be neglected. Indeed the complexing of iron-IT] 
ion by acetate at the highest acetic acid concentrations 
was pointed out in the paper. 

Since the solubility of the chromic oxide is already con- 
siderably greater than that of the ferric oxide, it would in 
all likelihood remain in the film only to a limited degree 
As « matter of fact, relatively little chromic oxide is found 
in the solid film according to Hoar and Evans!’. This being 
the case, the alternative explanation offered by Dr. Trivich 
appears to be less compatible with the information avyail- 
able than is the one given in the paver. . ec former does 
have the advantage of being more readily susceptible to 
experimental verification. 


VAPOR PRESSURE OF BERYL". _Mi OXIDE 
N. D. Erway and R. L. Seifert (pp. 83-88) 


W. B. Cranpatu”: Was any seanning or autoradio- 
graphie technique used on the target to determine different 
concentrations? 

R. L. Serrerr: The use of radioautographs to determine 
the distribution of deposit on the target would permit one 
to determine experimentally whether the point of greatest 
intensity actually lies at the center of the deposit and to 
what extent the cosine distribution law applies. However, 
in order to obtain this information with sufficient accuracy 
to justify the effort, greater precision of measurement 
would be necessary than was possible with the low activity 
deposits that were obtained in this investigation. There 
fore, no use was made of radioautographs or other scanning 
techniques. 

An error of only 4°C in the effective oven temperature 
(1977° to 2140°C in these measurements) results in a dis- 
placement of an experimental point in Fig.-3 (p. 86) that 
is equivalent to the displacement resulting from a 6 per 
cent error in the measurement of the vapor pressure. None 
of the errors that might be evaluated by the use of sean- 
ning techniques would be apt to exceed 6 per cent. 


THE DISSOCIATION OF BERYLLIUM IODIDE IN 
PLATINUM CONTAINERS 


Bernard Kopelman and Harry Bender (pp. 8 93) 

A.C. Loonam®: (1) Did you determine by x-ray analy- 
sis whether the Be-Pt compound formed was the same in 
all experiments? 

(2) Was not considerable recombination between bery!- 


'°T. P. Hoar ann U. R. Evans, J. Chem. Soc., 135, 247 
(1932). 

2° Alfred University, Alfred, New York. 

2170 Kast 45th Street, New York, New York. 
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lium and iodine to be expected during quenching? Fast” 
showed that iodine reacts rapidly with finely divided 
titanium at 50°C. 

BERNARD KopeLMAN: (1) One particular Be-Pt com- 
pound showed consistently the strongest x-ray pattern. 
Some weak, extraneous lines revealed the presence of 
trace amounts of a second constituent. 

(2) We recognized the possibility of recombination of 
beryllium and iodine during quenching. We used ice water 
to eliminate or minimize this effect. We have no direct 
evidence that no recombination occurred, but we did 
determine that the free iodine analysis was essentially 
unchanged whether the quartz bomb was opened imme- 
diately after quenching, or was allowed to remain un- 
opened at room temperature for 24-48 hours after quench- 
ing and before analysis. 


MOLYBDATE AND TUNGSTATE AS CORROSION 
INHIBITORS AND THE MECHANISM 
OF INHIBITION 


W. D. Robertson (pp. 94-100) 


M. J. Pryor anp M. Conen®: Dr. Robertson has made 
an interesting contribution to the subject of inhibition by 
pointing out the marked similarity in behavior between 
tungstate, molybdate, chromate, and nitrite. This simi- 
larity has been confirmed by static experiments, carried 
out in this laboratory, relating the weight loss to concen- 
trations for the whole range of inorganic anodic inhibitors. 
It appears that not only are molybdate and tungstate 
similar to chromate and nitrite in that they inhibit at 
concentrations of approximately 10-°N in the presence of 
air, but that they are also quite different from the remain- 
ing inhibitors, e.g., hydroxide carbonate, phosphate, etc., 
which inhibit at concentrations of 10-7N and higher. 

Dr. Robertson dismisses the possibility that tungstate 
and molybdate are oxidizing agents and, largely on the 
strength of this, suggests an adsorption mechanism for 
inhibition. However, a more critical examination of Dr. 
Robertson’s experimental data will show that the proof 
that tungstate and molybdate are not oxidizing agents 
under actual conditions of use is quite unsound. The experi- 
ments (Fig. 5) were carried out in 1N H.SO, which has a 
great stabilizing influence on ferrous ions; indeed they are 
quite stable with regard to dissolved air under these con- 
ditions. But if the pH of the solution is raised to 7.0, 
experiment shows that 25 ml of 0.0072N Fe*+* are 95 per 
cent oxidized in 5 min and completely oxidized in 30 min 
just by stirring in air. Accordingly, experiments have been 
initiated to determine the rate of oxidation of ferrous solu- 
tions, at neutral pH values, by tungstate and molybdate 
in the absence of air.. While the experimental data are not 
yet complete it appears that both tungstate and molybdate 
have mild oxidizing properties toward ferrous ions in the 
absence of air; in a typical experiment, 25 ml of 0.0072V 
ferrous sulfate at pH = 7.0 was 11 per cent oxidized by 4 
ml of 0.1N sodium tungstate in 3 days. 

It has been shown that the passivity of iron in non- 


2J.D. Fast, Z. anorg. u. allgem. Chem., 241, 42 (1939). 
*? National Research Council, Ottawa, Canada. 
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oxidizing solutions, e.g., sodium hydroxide* and sodium 
orthophosphate”, is largely dependent upon oxygen dis- 
solved in solution and that once the oxygen is removed 
passivity is broken down. On the other hand, the passivity 
of iron in strong and relatively strong oxidizing agents, 
e.g., chromate and_ nitrite’®, is not broken down by 
deaeration. The question arises as to why such mild oxidiz- 
ing agents as tungstate and molybdate inhibit the corro- 
sion of iron at similar concentrations to chromate and 
nitrite despite the fact that dissolved oxygen is such a 
powerful oxidizing agent toward ferrous ions in neutral 
and alkaline solutions. The answer probably lies in the 
fact that the reactions leading to passivity take place 
between adsorbed tungstate or molybdate ions, together 
with oxygen dissolved in solution, and the iron surface. 
It would appear unlikely that the relative oxidizing powers 
of the inhibitor and oxygen would be the same during this 
heterogeneous reaction as during the homogeneous reac- 
tion between two ions in solution. We agree that absorp- 
tion of tungstate and molybdate is a step in the inhibitive 
process, but believe that this is followed by oxidation of 
surface iron ions and reduction of the inhibitor anion (and 
oxygen), leading to the formation of a thin film of y-Fe.Os:, 
together with the reduction product of the inhibitor, plus 
a certain quantity of the natural corrosion product depend- 
ing on the pH of the solution; we suggest that this film is 
responsible for inhibition and not a monolayer of adsorbed 
ions. The writers have advanced a similar mechanism for 
inhibition in solutions of chromate” and nitrite”. 

J.E.O. Mayne”: The views put forward by Dr. Robert- 
son, regarding inhibition by molybdate and tungstate 
ions, have points in common with those advanced by the 
writer and others, with respect to the action of chromates*” 
and sodium hydroxide*'. 

These authors have suggested that inhibition is due to 
a heterogeneous reaction between hydrated ions in solution 
and iron ions with or without interaction with dissolved 
oxygen, the iron ions being still in the metallic or oxide 
lattice, as opposed to the homogeneous interaction of two 
ions in solution. If this view is accepted, it follows that the 
composition of the product, formed by the reaction of the 
ions in solution, may have little bearing on the mechanism 
of inhibition, the important compound being that formed 
by the discharge of hydrated ions at the surface of the 
metal or oxide. 

It should be noted that if such a mechanism is opera- 


«J. E. O. Mayne, J. W. MENTER, ANp M. J. Pryor, 
J. Chem. Soc., 1950, 3229. 

25M. J. Pryor M. Coven, J. Electrochem. Soc., 
98, 263 (1951). 

26M. Conen, R. Pyke, anv P. Marnier, J. (and Trans.) 
Electrochem. Soc., 96, 254 (1949). 

277J. E. O. Mayne ann M. J. Pryor, J. Chem. Soc., 
1949, 1831. 

2° R. Pyke anp M. Conen, J. (and Trans.) Electrochem. 
Soc., 98, 63 (1948). 

29 Department of Metallurgy, Cambridge University, 
Cambridge, England: 

30 J. E. O. ano M. J. Pryor, J. Chem. Soc., 
1949, 1831. 

O. Mayne, J. W. Mentrer, ann M. J. Pryor, 
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tive, the first step, in the heterogeneous reaction, could 
be considered to be the adsorption of the inhibitive ion at 
the solid surface. Electron diffraction examination of the 
surface of the inhibited specimens has always indicated 
that they are covered by films of appreciable thickness; it 
might be better, therefore, to describe the mechanism of 
inhibition as adsorption of hydrated ions from the solution 
followed by interaction of the inhibitive ion with the solid 
surface. When the inhibitive ion is not an oxidizing agent, 
dissolved oxygen may assist in the production of the 
protective film 

R. R. Rocrers”: This article gives important informa- 
tion regarding the mechanism of corrosion inhibitor action. 

About twelve years ago, during a search for a colorless, 
inorganic corrosion inhibitor for steel which would be less 
toxic than chromates, I performed some experiments with 
molybdates and tungstates. The inhibitor action of these 
materials was quite pronounced under conditions some- 
what similar to those described in this article. However, 
the protection afforded by these materials at waterline 
areas and surfaces which had not been very thoroughly 
cleaned was very much inferior to that afforded by 
chromates. It is important to note that conditions of this 
kind frequently are encountered in actual service. 

Pau. DeLanay™: The reduction of tungstate or molyb- 
date is rejected by the author on the basis of the results 
of the titration of ferrous ion in the presence of molybdate 
or tungstate. It should be pointed out, however, that the 
titration is carried out in strongly acid solution while the 
solution is probably neutral or slightly alkaline at the sur- 
face of the metal in the actual corrosion test. Moreover, 
several Redox couples should be considered: (a) the couples 
Fe/Fet* or Fe/Fe(OH)s; (b) the couples Fet*/Fet**, or 
Fe(OH)2/Fe(OH);. While the couple Fet*+/Fet**, which 
has been studied by the author, is a mild reducing agent 


(Ey = +0.77 volt), the svstems Fe/Fe** (Ky) = —0.44 
volt), Fe/Fe(OH), (Ey = —O0A6 volt at pH 7), and 
Fe(OH)./Fe(OH); (Ey = —0.15 volt at pH 7) are strong 


reducing agents. Therefore, it is quite possible that tung- 
state and molybdate are reduced with the formation of a 
protective film of ferrous or ferric hydroxide or hydrated 
oxide. This mechanism would also explain the consumption 
of inhibitor which could not be accounted for on the basis 
of an adsorption mechanism. This interpretation does not 
exclude the possible role of adsorption as an additional 
factor contributing to inhibition. 

U. R. Evans*: Dr. Robertson’s measurements are 
greatly to be weleomed—whatever interpretation is finally 
adopted. The fact that molybdates and tungstates start 
to be effective inhibitors at much the same concentration 
as chromates and nitrites is both interesting and im- 
portant. 

It is shown that, if the inhibitor concentration is insuffi- 
cient, interaction between iron ions and the inhibitor 
destroy the latter. Whatever the compound formed, it 
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will clearly fail to prevent corrosion if precipitated at a 
distance from the metal—as will oceur if the inhibitor is 
present at very low concentration. As the inhibitor con- 
centration is increased, the place of interaction will come 
closer to the metallic surface, and finally interaction may 
take place at the surface itself. In that event, the iron will 
be prevented from entering the liquid at all, and corrosion 
will be “inhibited.” 

If the interaction between inhibitor and iron ions pro- 
duces a membranous precipitate, a hemispherical blister 
will, in absence of disturbance or gravitational movement, 
be formed around each “weak spot” where attack first 
sets in (corrosion generally starts at small spots and, in 
absence of inhibitor, spreads out). Such blisters are a 
familiar sight in cases where sodium phosphate or car- 
bonate has been added in insufficient amounts to a saline 
water. The membrane will follow the surface separating 
the region where inhibitor is in excess from the region 
where iron ions are in excess, and the radius (r) will be 
such that the rate of arrival of iron ions per unit area on 
one side (a rate proportional to r~*) is balanced by the 
rate of arrival of inhibitor on the other side (proportional 
to C, the inhibitor concentration). Thus the radius of the 
hemisphere will be proportional to C+; if C is made suf. 
ficiently large, r will be reduced to atomic dimensions, so 
that the entry of iron ions into the liquid will cease. Cor- 
rosion will be inhibited and the product of interaction will 
be found in the stripped films. The concentration required 
for inhibition will be much the same for all inhibitors, 
provided that their diffusive powers are similar. The com- 
position of the compound thrown down in contact with 
the metallic surface may not always be the same as that 
which would be precipitated in the liquid at a distance 
from the surface. 

Such an interpretation would seem to present analogies 
to the results of Mayne and Menter*®, who have stripped 
the films formed by immersing iron (previously freed 
from oxide by means of acid) in a phosphate -olution at 
pH 8.5, and have found, by electron diffraction, that they 
consist of gamma ferric oxide with much hydrated ferric 
phosphate. The fact, established by Pryor and Cohen*, 
that in this pH range phosphates only inhibit completely 
in presence of oxygen is interesting in view of the fact 
that Dr. Robertson kept his distilled water saturated with 
air. Under conditions of violent whirling, oxygen alone 
prevents corrosion of pure iron by pure water”; in absence 
of whirling, oxygen replenishment may be insufficient at 
certain points to prevent iron cations from emerging 
through the film and rusting will then set in; phosphate 
or similar ions may, even under stagnant conditions, serve 
to “arrest” the iron ions which would otherwise pass into 
the liquid and be precipitated, at a distance, as rust. 

The suggestion that inhibition by molybdates is due to 
an adsorbed layer of inhibitor ions deserves consideration; 
“pickling inhibitors’ probably act in some such way, but 
the inhibition is far less complete than that provided by, 
sav, chromates. However, if we are to find a common 
explanation for molybdates, tungstates, chromates, and 


8 J, E.O. Mayne ano J. W. Menter, Unpublished work. 
36M. J. Pryor anp M. Conen, Nature, 167, 157 (1951). 
37 U. R. Evans, Ind. Eng. Chem., 17, 363 (1925). 
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nitrites, that mechanism must be rejected. Mayne and 
Pryor® found that the film formed on iron immersed in 
chromate (on iron previously freed from oxide in acid) is 
quite thick. Evidently a monolayer of adsorbed chromate 
ions or molecules is not protective; if it were protective, 
the formation of this thick oxide film could not take 
place. 

The facet that very small amounts of inhibitors increase 
corrosion of iron has been noticed by Mears and the 
writer with potassium carbonate*’. The reason is probably 
the same as that used to explain the fact that the addition 
of small concentrations of bicarbonate to water sometimes 
increases its attack on lead, removing the lead ions and 
thus shifting the potential Pb/Pb** in a direction favor- 
able to corrosion; large concentrations usually prevent 
corrosion by producing a basic lead carbonate film*’. 

W. D. Rosertson: I should like, first, to thank the 
yarious contributors to this discussion for their extensive 
consideration of the ideas put forward in the paper. 

The confirmation of the limiting concentration required 
for inhibition by tungstate and molybdate, and the gen- 
eral similarity of their action to that of chromate and 
nitrite, provided by Pryor and Cohen, is very welcome, 
particularly as it has apparently been obtained under 
static conditions where the original data were obtained 
with a slow rate of flow past the specimens. Regarding 
relative oxidizing power of the inhibitor ions with respect 
to ferrous ion. Pryor and Cohen’s experiments indicate 
that molybdate and tungstate are “mild’’ oxidizing agents 
compared with chromate and nitrite which was all that 
the potentiometric titration was intended to show. While 
it is perhaps too early to draw definite conclusions in the 
absence of additional experimental work, one would expect 
that the difference in oxidizing power between the four 
ions would be reflected in the limiting concentration at 
which inhibition is complete; the fact that this difference 
is not apparent seems to indicate that at least oxidizing 
power is not a primary part of the mechanism. Experi- 
ments conducted in the presence and total absence of 
oxygen, together with each of the four ions, might provide 
interesting information on this point. 

Unfortunately I was not aware of some points of simi- 
larity between the views expressed by Mayne and his 
co-workers and those advanced in the paper under discus- 
sion relative to the heterogeneous reaction. Again the 
question of the role of oxygen is raised and it should be 
decided by additional experiments. Electron diffraction 
analysis of surface films has always seemed somewhat in- 
conclusive because of the technique required which might 
very easily produce films that were not originally present 
in solution or not primarily responsible for inhibition. 

The observation -of Rogers on the low degree of inhibi- 
tion at a surface discontinuity and the effect of suspended 
solids was confirmed and reported in the paper, though 
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the interesting comparison with chromate was not devel- 
oped. Since no water-line tests were made, Rogers’ state- 
ment is an interesting and important addition to the 
existing data with respect to the practical application of 
molybdate and tungstate inhibitors. 

Delahay correctly points out that there are at least 
several Redox couples to be considered and that a film of 
ferrous or ferric hydroxide may be produced which eould 
account for inhibition. Again, additional experiments are 
required but it was invariably true that, when inhibition 
was complete in the presence or more than’ the limiting 
concentration of inhibitor ion, there was no measurable 
change in weight or loss of inhibitor ion from the solution. 
Thus, within the accuracy and sensitivity of weighing and 
analysis, the films must be extremely thin and correspond- 
ingly little iron is oxidized or inhibitor reduced. In the case 
of incomplete. inhibition, on the other hand, iron does go 
into solution and inhibitor is consumed so that one of the 
couples probably is operative in this range. It is not pos- 
sible to say definitely at this time whether there is a dif- 
ference of mechanism between complete inhibition and 
partial inhibition or only a difference in degree. 

Some of what has been said applies to the compre- 
hensive discussion of Dr. Evans. It is evident that agree- 
ment has not been reached on the question of thick and 
thin films and the point at which an adsorbed layer (not 
necessarily monomolecular) becomes a thin film! Addi- 
tional experiments are being undertaken on this question 
and I should like to defer an answer to Dr. Evans until 
such time as the data are available. 


ELECTRODEPOSITION OF RHENIUM- 
NICKEL ALLOYS 


L. E. Netherton and M. L. Holt (pp. 106-109) 


W. A. Raymonp"': How would you describe the visual 
appearance of these rhenium-nickel deposits? Bright, dull? 

M. L. Hour: The rhenium-nickel alloy deposits were 
quite bright and shiny in appearance. 


THEORETICAL ANALYSIS OF THE CURRENT DENSITY 
DISTRIBUTION IN ELECTROLYTIC CELLS 


Carl Wagner (pp. 116 128) 


Wituiam Bium®: Do the derived equations apply to 
deposition in crevices, i.e., the so-called “micro throwing 
power’’? 

C. WaGner: The derived equations should apply to all 
conditions with uniform polarization. Deviations may be 
due to local differences in the parameter k,, i.e., particu- 
larly the slope ot the potential-current density curve. 


THE ELECTRODEPOSITION OF COPPER- 
LEAD ALLOYS 


A. L. Ferguson and Nelson W. Hovey (pp. 146-154) 


Eipert H. Haptey®*: In your study you determined 
the change in composition of the alloy in relationship to 
the days of exposure to air. Exposure of a cyanide solution 

" Metal Finishing, 11 West 42nd Street, New York, New 
York. 

* National Bureau of Standards, Washington, D. C. 

‘Southern Illinois University, Carbondale, Illinois. 
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to air causes decomposition with a resulting change in pH. 
Thus it would seem more logical to measure the change 
in composition of the deposit with exposure to air as re- 
lated to the change in pH of the solution. Was this corre- 
lation made? 

Newson W. Hovey: The pH of the solution was so high 
that it is doubtful if the small changes which might result 
from eyanide decomposition could be measured with suffi- 
cient accuracy to be of significance. 

H. J. Wiesner™: I would like to ask the author what 
range of cathode efficiencies were obtained, particularly in 
depositing the 70 Cu-30 Pb alloy? 

Netson W. Hovey: The cathode efficiency was ap- 
proximately 90 per cent. The variation of efficiency with 
alloy composition was not significant. 

Joun W. Maatry”: You stated in your paper that after 
a short time the colorless plating solution became intensely 
blue colored. 

Have you investigated the possibility of the presence of 
cuprous ammonium compounds formed as decomposition 
products? 

Newson W. Hovey: Since the cuprous complex is color- 
less, it was not considered. The position of the absorption 
band corresponded to that of the cupric tartrate complex. 

Samuet Heiman“: should like to ask whether the 
potential data, particularly the alloy potential data, ac- 
cumulated in this paper could be used in the prediction of 
the composition or the character of the deposit. 

Netson W. Hovey: There was no definite correlation 
between the static alloy potentials and the composition or 
character of the deposits. 

J. B. Monter”: Dr. Ferguson and Mr. Hovey are to 
be congratulated for their studies on the electrodeposition 
of copper-lead alloys. 

We in the bearing industry will welcome the develop- 
ment of any practical bath for plating of copper-lead 
alloys. There has been much work done on copper-lead 
electroplating and any further work is only worth-while 
if it is approached on a sound experimental basis such as 
the approach of this paper. However it is well to express 
the needs of the bearing industry, since copper-lead elec- 
troplating is done with the application to bearings in 
mind. 

Copper-lead is used in the bearing industry for a wide 
range of bearing and bushing applications. For low load 
requirements it is used as solid cast alloy and sintered 
alloy. For higher loads it is cast or sintered to a steel back. 

Electroplating has greatly advanced the use of high 
load bearings in two ways: first as an intermediate metal, 
namely silver, interposed between steel and an overlay; 
and second as an overlay surface with the required sur- 
face properties for a high load, high speed bearing. 

Presumably copper-lead electroplate would be used in 
a similar manner to silver with the exception that it would 
not require an overlay in as great a percentage of applica- 


'* Bendix Products Division, South Bend, Indiana. 

'° 2731 Vine Street, Cincinnati, Ohio. 

‘6 Philadelphia Rust-Proof Company, Philadelphia, Penn 
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tions. Therefore, we should look to the advantages of 
electroplated silver for bearing applications as compared 
to cast, sintered, or clad silver. 

The use of electroplated silver for bearing applications 
was developed simultaneously by a number of companies 
due to the demand for aircraft bearings prior to and dur- 
ing the war. As the processes were developed it was found 
that electroplating offered advantages over other methods, 
It is not necessarily the most economic method for all 
applications. It is widely used because other methods had 
not been well established at the time. However, there are 
definite advantages to electroplating methods that would 
be very difficult to overcome by thermal methods. 

One advantage of an electroplating method is that it is 
relatively easy to put the metal where it is needed. By 
design of plating racks and a study of the geometry of a 
plating system the metal can be deposited on steel surfaces 
that are difficult to cover with a metal by any other known 
method. Second, since electroplating is a cold process, 
heat-treated alloy steels can be electroplated and proper- 
ties can be retained in the steel that would be lost by a 
thermal process. If a commercial copper-lead electroplat- 
ing process is developed it will have to compete with 
established thermal processes. 

Copper-lead electroplating for bearing purposes should 
meet the following requirements to compete with copper- 
lead for highly loaded bearings: 

1. The metal should be relatively thick. Most bearing 
requirements would be 5 to 30 mils after machining. 

2. The metal should be sound. The metal would have 
to stand up under high loads. It is not very likely that an 
electroplating process would compete economically for low 
cost, low load bushing stock. 

3. The composition of the deposit should be controllable 
within narrow limits. A composition spread of 5 per cent 
would probably be acceptable over the range of 25 to 50 
per cent lead. 

4. The metal must be bonded to the steel back. This 
phase of the problem would probably not be difficult. 

5. Any alloy electroplating bath that is developed must 
not change too rapidly with time, since relatively long 
plating times will be involved. 

6. The composition of the bath must not change too 
readily with current density since uniform current density 
cannot be maintained over the entire piece. This limitation 
will not apply in some cases, since many of the applica 
tions are for simple cylinders where it is relatively easy to 
obtain uniform current distribution. 

7. An anode would be desirable that would maintain 
bath balance at high current densities. In many of the 
applications it would be desirable to electroplate on the 
inside of cylinders where the anode area would have to be 
much smaller than the cathode area. A rapid electroplating 
process that would be economical might be applied to 
strip. In this case larger anode areas or possibly a regenera- 
tion system might be used. 

8. The electroplating process should be rapid. If thick- 
nesses of 30 mils are required in order to machine to 20 


mils, then a process should be developed that will be 
stable and rapid enough to plate the required thickness 
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overnight at the most. If the process is developed for 
electroplating of strip then it will have to be done in a 
matter of minutes rather than hours. 

The findings of this paper indicate that there is at least 
a possibility that most of the requirements for a com- 
mercially successful process could be satisfied. However, a 
commercial process will fail unless all essential require- 
ments are met. One essential requirement of a bearing 
alloy that must be given consideration is load-carrying 
capacity. Thus we must examine the structure of the 
metal. 

Cast or sintered copper-lead alloys consist of isolated 
globules of lead surrounded by a matrix of copper. The 
ideal structure consists of spheroidized lead and a con- 
tinuous copper phase. The continuous copper phase carries 
the load and the spheres of lead supply surface properties. 

The structure of cast copper-lead is attributed to the 
formation of an emulsion while the metal is liquid and to 
the subsequent freezing of this emulsion. 

The similar structure of sintered alloys is formed by 
pressing copper particles together followed by heating to 
sinter these particles together. The lead then fills in what 
would be voids if the lead were not present. 

There is no reason to believe that a similar structure 
could be produced by electrodeposition, with the possible 
exception of deposition of a supersaturated solution fol- 
lowed by heat treatment to throw the lead out of solution. 

The work of Meyer and Phillips illustrates that electro- 
deposited copper-lead will form a weak banded structure. 
They point out that consideration should be given to 
“the atomic size factor.” 

The value of a study of electrodeposited copper-lead 
alloys would be greatly enhanced by photomicrographs of 
the structures produced. In addition, it would be valuable 
to know the limit of solid solubility of copper in lead and 
of lead in copper. The solid solubilities will not be the 
same as the thermal alloys and it would be interesting to 
know how much the solid solubilities can be changed by 
changes in plating conditions. 

It is here assumed that a structure consisting of bands 
of copper and lead will not have a capacity to carry load 
equal to that of a structure with a continuous copper 
phase. The question is: What structures are obtained in 
copper-lead electrodeposits? 

Netson W. Hovey: This excellent discussion of copper- 
lead alloy plating with emphasis on the requirements 
which must be met in its practical application in the bear- 
ing field is greatly appreciated. The authors are aware of 
these requirements and realize that the work reported 
represents only a modest beginning toward the solution of 
what appears to be a rather difficult problem. 

We feel that a study of alloy structure would be of 
little value until a thorough study is made of the anode 
process. Such a study is contemplated. If reasonably 
thick deposits having satisfactory constancy of composi- 
tion can be obtained, a study of their structures will be 
undertaken. 
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AGING EFFECTS IN COPPER-LEAD ALLOY PLATING 
SOLUTIONS OF THE CYANIDE-TARTRATE TYPE 


Nelson W. Hovey, Albertine Krohn, and A. L. Ferguson 
(pp. 155-159) 

ABNER Brenner®: It would be of interest to compare 
the results of your work with a similar study made on an 
analogous alloy bath by Kremann* and co-workers. They 
made a detailed study of the deterioration of an alkaline 
tartrate solution used for codeposition of copper and tin. 
Their solution contained no cyanide. In contrast to your 
plating solution, they found that their bath did not de- 
teriorate on merely standing exposed to the air. The de- 
composition was brought about by electrolytic oxidation 
of the tartrate in the presence of copper. In the absence of 
copper compounds, tartrate was not appreciably oxidized 
anodically in either acid or alkaline solutions. 

NELSON W. Hovey: These solutions are not comparable. 
The oxidation which we observed was not electrolytic. The 
tartrate was not directly involved but indicated the 
increase in cupric ion concentration through formation of 
a colored complex. 

SaMUEL Herman”: Was any work done toward pre- 
venting the oxidation of the cuprous copper in the solution? 

ALBERTINE KRroHN: Efforts to internally stabilize the 
solution against oxidation were not successful. Reducing 
agents such as dextrose, various aldehydes, sodium sulfite, 
and sodium thiosulfate were tried and were effective in 
decolorizing the aged solution, but the amount required 
had a very adverse effect on the nature of the deposit. 


EFFECT OF CHROMIUM ON THE OXIDATION 
RESISTANCE OF TITANIUM CARBIDE 


John D. Roach (pp. 160-165) 


Joun W. Granam®!: Were any strength or thermal 
shock studies made on the effeet of chromium content 
in TiC? 

Joun D. Roacu: The author regrets that no strength 
or thermal shock studies were made during the investiga- 
tions discussed in this paper although the effeet of chro- 
mium content in titanium carbide on these properties 
would be of interest. 

Joun T. Mitek™: Did the author make any density 
measurements? Did the author notice any grain growth in 
the recrystallized samples upon long-time heating? 

A comment on the solubility of carbon in TiC®™ gives a 
tentative equilibrium diagram for various binary systems, 
e.g., Ti-C, Zr-C, V-C, ete. 

Joun D. Roacn: Density measurements were made on 
the specimens used in this study and the values are listed 
in Table I. The addition of chromium increases the density 
of the titanium. However, it was shown in the text (p. 163) 
that the noted improvement in oxidation resistance was 
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due to the chromium, per se, rather than to the increase 
in density which it causes. 

At the present time, there is very little available data 
on the solubility of carbon in titanium carbide. Gold- 
schmidt gives a tentative equilibrium diagram for the 
Ti-C binary system but he makes no mention of solid 
solubility of either carbon in titanium or carbon in tita- 
nium carbide. Paul Ehrlich investigated the Ti-C system 
and found that the titanium carbide phase is stable be- 
tween 7 and 20 per cent C. He found that the limit of 
solubility of carbon in titanium was 0.20 per cent which 
agrees with the value of 0.25 per cent given by Jaffee 
and his co-workers. He also states that at room tempera- 
ture there is very little or no solubility of carbon in tita- 
nium carbide. However, at elevated temperatures titanium 
carbide can take up carbon far beyond the theoretical 
percentage although the extent of this solubility at ele- 
vated temperatures is not known. Upon cooling, this 
dissolved carbon separates out in the form of graphite. 
We have made batches of titanium carbide which have 
contained 2 per cent free carbon indicating that the 
solubility of carbon in titanium carbide at elevated tem- 
peratures is at least that high. 


THE BORIDES OF SOME TRANSITION ELEMENTS 
Roland Kiessling (pp. 166-170) 


Linus Pauuine*®: In his interesting survey of the 
structures of borides of the transition elements Dr. 
Kiessling has said that he has tried to use the theory of 
metals that I have been developing, but without success. 
I think that his apparent lack of success may be due to 
some extent to his use of the theory in its earlier, elemen- 
tary form, without consideration of some later  refine- 
ments, and that in facet the boride structures are in good 
accord with the theory. 

One suggestion made by Dr. Kiessling is that in FeB 
and other borides electrons are transferred from the boron 
atoms to the transition-metal atoms, whereas I have sug- 
gested that electrons may be transferred the other way. 
I have recently discussed the question of electron transfer 
in detail”. The electroneutrality principle (the tendency 
for all atoms in stable compounds to be nearly electrically 
neutral) indicates that only a small amount of electron 
transfer would occur. Boron (electronegativity 2 on the 
electronegativity scale) is slightly more electronegative 
than the transition metals (1.5 to 2), and the resulting 
partial ionic character of the bonds, giving boron a small 
negative charge (a small fraction of one electronic charge), 
would tend to cause a small compensating transfer of 
electrons from the boron atoms to the transition atoms. 
However, boron is a hypoelectronic atom, which can in- 
crease its valence by adding an electron, whereas the transi- 
tion metals (chromium to nickel, and their congeners) are 
buffer atoms, which do not change valence on addition or 
removal of atoms; hence a boride would tend to be stabi- 
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55 Trans. Am. Inst. Mining Met. Engrs., 188, 1261 (1950). 

56 Gates and Crellin Laboratories of Chemistry, Cali- 
fornia Institute of Technology, Pasadena, California. 
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lized by transfer of electrons to the boron atoms, thus 
permitting extra bonds to be formed. The latter effect 
should be stronger than the former, and hence we would 
predict that a small electron transfer (perhaps 1/4 or 1/3 
electron) to boron would occur in some cases, and that 
electron transfer in the opposite direction would be rare. 

Dr. Kiessling has pointed out that in the MeoB borides 
the bond numbers for the Me-B bonds are 0.28 for tanta- 
lum, 0.34 for molybdenum and tungsten, 0.42 for man- 
ganese, 0.44 for iron, and 0.49 for cobalt and nickel, cal- 
culated with use of the usual single-bond radii, and that 
it would be expected that the same bond number would 
hold for all these substances. I think that in fact the bond 
number is 1/3 throughout, and that the values of the 
interatomic distances are affected by a change in hybrid 
character of the bond orbitals of the transition atoms used 
in forming bonds with boron atoms. Each boron atom 
has two boron ligates, at 2.12 A, and eight transition metal 
ligates. I assume 1/6 bonds to the boron atoms and 1/3 
bonds to the transition atoms, the sum of bond numbers 
(the boron valence) being 3. With single-bond radius 
0.80 A for boron, this bond number and the observed 
Me-B distances require the single-bond radii to be 1.11 A 
for manganese, 1.09 A for iron, and 1.05 A for cobalt and 
nickel (the values for the other elements being normal). 
These values correspond to amounts of d character of the 
hybrid bond orbitals of 46, 49, and 56 per cent, respec- 
tively (the normal amount being about 40°%). These are 
about the same amounts as in the bonds to silicon®* in the 
cubic crystals MeSi, and also in cobalt-aluminum bonds*® 
in AlgCoo. It is to be expected that the Me-B bonds (like 
the Me-Si and Me-Al bonds), which are inherently stronger 
than the Me-Me bonds, would rob them of d character, in 
order to achieve the maximum stabilization of the crystal. 
The best dsp hybrid bond orbitals are caleulated to have 
55.6 per cent d character®; cobalt and nickel seem to 
achieve this state of hybridization in the orbitals used in 
bonds with smaller atoms. 

The presence of chains or sheets of boron atoms con- 
nected by B-B bonds can be ascertained from the inter- 
atomie distances: about 1.60 A for single B-B bonds, 
1.78 A for half bonds, and so on. In FeB and related 
substances there are staggered chains with B-B = 1.77 A, 
corresponding to half bonds. Dr. Kiessling has suggested 
that the boron atoms have lost an electron apiece to the 
iron atoms, becoming bivalent, and that the only covalent 
bonds they form are two single bonds with adjacent boron 
atoms in the chain. However, for this structure, involving 
two sp bond orbitals, the bond angle would be 180°, 
whereas the observed bond angle is 120°. The observed 
angle is compatible with the half-bond structure. 

In AIB, there are boron layers in which each boron 
atom has three boron ligates at 1.73 A. This distance 
corresponds to bond number 0.61, which probably is to be 
taken as 1/2. This would permit each boron atom to use 
3/2 of its three valences in forming three half-bonds with 
its boron ligates, and the remaining 3/2 valences in form- 
ing six 1/4-bonds with aluminum atoms. Each aluminum 


5° LL. PAULING AND M. Soupate, Acta Cryst., 1, 212 (1948). 
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atom then forms twelve 1 /4-bonds with boron atoms. The 
observed distance Al-B = 2.37 A corresponds, with single- 
bond radius 1.25 A for aluminum, to ealeulated bond 
number 0.29. The distances in this crystal would agree 
exactly with the proposed bond numbers if the boron 
single-bond radius were taken as 0.77 A instead of 0.80 A. 

I have found that the theory of metallic valence seems 
to be capable of satisfactory application in the discussion 
not only of the borides but also of carbides, hydrides, and 
other interstitial compounds. 

In his interesting discussion of my 
paper Dr. Pauling states that his theory of the metallic 
state can be satisfactorily applied to the borides. The 
examples chosen are not too convincing, however. 

For the MesB borides mentioned, the bond numbers 
increase with increasing atomic number of the metal, if 
the theory is used in its earlier form. Dr. Pauling prefers 
to think that the bond number is 1/3 throughout and that 
there is a change in hybrid character of the bond orbitals 
of the transition metals, giving, for cobalt and nickel, the 
best dsp hybrid bond orbitals with 56 per cent d character. 
In both cases one must thus reach the conclusion that the 
strength of the metal-boron bond is increasing from man- 
ganese over iron to cobalt and nickel. Recent investiga- 
tions on ternary systems consisting of two different transi- 
tion metals and boron® have clearly shown, however, that 
the strength of the metal-boron bond is decreasing in the 
order manganese, iron, cobalt to nickel, thus with in- 
creasing atomic number of the metal. The application of 
the theory thus gives a result opposite to that given by 
experimental evidence. 

Dr. Pauling has also used AIBy as an example. Each 
boron forms, according to Pauling, three half-bonds with 
its boron ligates, and the remaining 3/2 valences of boron 
are used in forming six 1/4-bonds with aluminum atoms. 
The bond number calculated for the Al-B bond from the 
observed distances is 0.29, thus not too far from the ex- 
pected value 1/4. In Table I the author has calculated 
the bond numbers for the B-B, Me-B, and Me-Me bonds 
for all the borides of the AlB» type. It is evident that if a 
bond number is to be given for the Me-B bond in a boride 
of the AIBs type, it is the number 1/3 and not 1/4. The 
results are thus not in agreement with the valence of boron. 
The valence of boron and the valence of the metal may 
easily be calculated from the bond numbers. They have 
been included in the table, together with the valences of 
the transition metals as given by Pauling. As both the 
valence of boron and the valence of the metal are higher 
than those to be expected for all these borides, except for 
VB, and CrB., the disagreement cannot be explained by 
any electron transfer. Attempts to explain the disagree- 
ment by a change in d character of the bond orbitals of 
the metal are also unsuccessful. If, for instance, the Me-B 
bond is assumed to have the bond number 1/4, the amount 
of d character will be, respectively, 36 per cent for Ti, 42 
per cent for V, and 43 per cent for Cr. These values are 
not in agreement with the values given for the pure metals 


"To be published. A short summary given as paper K-9 
at the Second International Congress of Crystallography 
in Stockholm, June 27 to July 5, 1951. 
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(27, 35, and 39, respectively) and in disagreement with 
the observed decrease in strength of the Me-B bond. 

In the later development of the theory Dr. Pauling has 
discussed the question of electron transfer and, as men- 
tioned, divided the elements in hypoelectronic atoms, 
buffer atoms, and hyperelectronic atoms. It is difficult to 
understand that those borides, where both the metal and 
boron are hypoelectronic atoms, are the most stable ones, 
e.g., ZrBo, TiBs, TaBo, and NbB.™. 

The theory of the metallic valences gives a new and 
interesting approach to the discussion of the boride strue- 
tures. The author is still not convinced, however, that the 
basis of Dr. Pauling’s theory, the statement that a metal- 
metal bond may be treated as a metal-nonmetal bond, is 
correct. 


TABLE I. Bond numbers calculated for the borides of the 
type 


Valence in the MeB: 


Metal | structure for 
| B Me metal 

Al | 0.61 | 0.29 | 0.15 3.57, 4.38) 
Zr | 0.41 | 0.33 | 0.36 |- 3.21| 6.15| 4 

Ti 0.57 | 0.37 | 0.23 | 3.93! 5.82 4 
Ta | 0.50 | 0.35 | 0.22 | 3.60; 5.52!) 5 
Nb 0.49 | 0.33 | 0.21 , 3.45! 5.25 5 

V 0.60 0. | 0.12 3.78 | 4.71 5 

oY 0.65 | 0.28 | 0.09 | 3.63 3.90 6 


THE ORIGIN OF MULTIPLE BANDS IN LUMINOPHORS 
ACTIVATED BY DIVALENT MANGANESE 


F. A. Kroeger and P. Zalm (pp. 177-182) 


James H. Scnutman®™: In the discussion of the origin 
of multiple bands in luminophors activated by divalent 
manganese, Kroeger and Zalm™ have expressed the opinion 
that the cluster theory presents a simpler and more satis- 
factory picture of the variation of the manganese emission 
with phosphor constitution than does the “coordination” 
theory® ®. Their principal criticism of the latter hypothesis 
is that a quantitative description of the spectral changes 
in (Zn, Be, Mn)SiO4 and (Zn, Be, Mn)oGeO, requires the 
additional assumption that at least one of the following is 
true: (a) replacement of Si** or Get by Mn** is not neg- 
ligibly small; (b) a difference exists between the concen- 
tration quenching behavior of the ‘‘green”’ (substitutional) 
and “red” (interstitial) centers; or (c) there is a preferential 
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housing of the manganese in the interstitial positions 
created by the replacement of Si'* or Ge*t by Zn** or Be**. 
It has been recognized that one such additional assump- 
tion is required to explain the effect of manganese concen- 
tration® ® and this criticism is indeed valid. A second 
criticism of the coordination hypothesis relates to the dif- 
ference observed at low temperature between ZnoSiO, and 
ZneGeO, of high manganese content®. This difference was 
originally cited by Schulman, et al.®, as evidence against 
Kroeger’s original cluster theory, for without additional 
assumptions one would expect the behavior of the various 
Mn?**-ion clusters to be the same in crystals of identical 
structure and similar lattice constants. Kroeger and Zalm, 
however, feel that this same observation argues against 
the coordination theory, in that Zn’* or Mn** should 

from considerations of ion size—replace Ge** more readily 
than they should replace Si**. This should result in easier 
formation of “red” centers in ZneGeOy: Mn than in 
ZnSiO,y: Mn, whereas the reverse situation holds. It should 
be pointed out, however, that Kroeger and Zalm’s deduc- 
tions, as to the comparative ease of replacement of Si** 
vs. Ge by divalent ions, are based on ion-size considera- 
tions only. Other properties of these ions may play a part 
which may be more important than the role played by 
ion size. Thus, Si‘? has a noble gas configuration of elec- 
trons, while Ge has not. The consequences of this may 
well be that the replacement of Ge in GeO,! 
more difficult than the replacement of Si‘ in SiO4*, even 


is much 


though ion size considerations may favor the reverse 
situation. 

Apart from these criticisms, Kroeger and Zalm recog- 
nize that the coordination scheme offers a rather direct 
basis for interpreting the profound effect of beryllium on 
the emission spectra of the above-mentioned phosphors 
and for a correlation of the differences in the Mn** emis- 
sion occasioned by major changes in the host crystal, say 
from ZnSiO,g to MgeSiOy, or by changes in the composi- 
tion of Mn**-activated glasses. 

The “cluster” theory, as Kroeger and Zalm have already 
indicated, likewise requires a number of auxiliary assump- 
tions in order to give a self-consistent scheme. It is the 
writer’s opinion that these necessary additional assump- 
tions detract considerably from the simplicity and utility 
of the cluster picture, as indicated in the following dis- 
cussion. 

In the “cluster” hypothesis, it must be assumed that 
the fluorescence of certain types of Mn**-ion clusters is 
extremely sensitive to their lattice environment, while 
that of other Mn**-ion configurations is comparatively 
insensitive to this environment. For example, both ZnesiOx 
and ZnoGeO, of low Mn** concentration luminesce green, 
the “singlet”? Mn**t-ion presumably being responsible for 
this emission in both phosphors. This type of Mn** center 
must therefore be considered to be insensitive to small 
changes in the environment, the effect of substituting 
Ge* for Sit being merely to shift the emission slightly to 
longer wavelengths. On the other hand, the Mn** clusters 
that must exist in ZnoSiO, and ZnoGeO, of high Mn** 
content must be assumed to be very sensitive to their 
environment, for these clusters give a red band in the 
silicate at low temperatures, but a green band in the 
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germanate. The effect of Be®?* is the same in both the 
silicate and the germanate, a red band being called forth 
by this substituent in both crystals. However, Mn°**-ion 
clusters formed by simple increase of Mn** concentration 
in ZneGeO, must be assumed to have different emission 
properties from those clusters formed through the action 
of Be?* in this erystal; in ZnoSiO4y, both types of Mn 
clusters must be assumed to have the same emission 
properties. Such an assumed complex behavior of the 
Mn?** clusters, while certainly possible a priori, adds con- 
siderable complication to the cluster theory and seriously 
circumscribes both its susceptibility to e perimental test 
as well as its ability to predict phenomena in new systems. 

In order to give a self-consistent picture, using their 
cluster theory, Kroeger and Zalm must assume that Be? 
in ZneSiOg or ZneGeO,g causes a clustering of Mn** ions 
around it. To support this assumption they have argued 
from ion-size considerations that such a clustering effect 
of Be** on Mn** is indeed to be expected, since the strains 
created by the presence of the small Be**t-ions in Zn.SiO, 
would be relieved by the presence nearby of the larger 
Mn** ions. If this argument were correct, one might 
expect the solubility of Be?* in ZneSiO,4 to be increased by 
the incorporation of Mn**. Experimentally, however, the 
opposite is true®: ™. Furthermore, an investigation of the 
paramagnetic resonance absorption of (Zn, Be) SiO,: Mn 
phosphors, recently carried out at this laboratory by 
Spencer, et al”, has demonstrated that the incorporation 
of Be** in ZneSiOg: Mn does not cause clustering of the 
Mn**. In view of these results, the cluster theory fails to 
explain the dependence of the spectral properties of 
Mn*+-activated (Zn, Be)oSiOg (and (Zn, phos- 
phors on the Be** concentration. 

Kroeger and Zalm interpret the variation in emission 
spectrum of Mn** in (Zn,Be)oSiO, as due to a variation 
in the relative magnitude of transition probabilities for 
transitions between Mn?** levels which are always present 
at approximately the same energy. In this respect their 
theory is based, in part, on the hypothesis that the ob- 
served emission bands of phosphors can be resolved into 
Gaussian curves, representing ‘“sub-bands’’ which corre- 
spond to the actual electronic transitions within the 
emitting ion. It has already been pointed out” that this 
type of analysis of spectral curves does not rest on any 
strong foundation, either experimental or theoretical. 

As a final comment, it may be worth recalling that in 
sensitized phosphors the manganese emission spectrum is 
practically unchanged by the presence of a sensitizer 
nearby in the lattice”: “. The quantities 59 and €, which 
describe the nonradiative transitions according to the 
equation 6 = dge~*/*", are, on the other hand, extremely 
sensitive to interaction of the Mn** with a nearby sensi- 
tizer, as Kroeger was the first to point out”. Kroeger, 


* F. A. Kroecer, Dissertation, p. 24, Amsterdam (140). 

70G. R. Fonpa, J. Phys. Chem., 45, 282 (1941). 

7 Publication in preparation. 

72 C.C. Kuck anp J. H. ScuutmMaN, J. Optical Soc. Am., 
40, 509 (1950). 

73 J. B. Merritt ann J. H. Scuutman, J. Optical Soe. 
Am., 38, 471 (1948). 

™ BF. A. KroeGer, Physica, 15, 801 (1949). 


Vol. 9 


et 
tion ¢ 
surmis 
or clu 
cluste 
dissip: 
emissi 
menti 
suppo 
a stro! 
as Pb” 
mang: 
expect 
the ne 

Kroeg 
simple 
ture, ¢ 


CAT 


ABN 
tion 
with t 
not sh 
the in 
which 
studies 
should 
they u 

The 
on the 
solved 
crease 
the gr 
the co 
could | 
of org: 
the ce 
Snigh 
tempe' 
decom 
ducing 

The 
usual \ 
of iner 
deposit 

Wu 
possibi 
plastic 
be cha: 


L. 1 


| 

= 

75 F. 

14, 425 

76 

15, 557 

| 

78 N; 


sion 
tion 
for 
sent 
heir 
ob- 
into 
rre- 
the 
this 
any 


it in 
m is 
tizer 
hich 

the 
mely 
ensi- 
eger, 


940). 


Am., 


Soc. 


Vol. 98, No. 12 


et al. 78 have found Mn?* centers in ZnoSiOy and 
(Zn ,Be)oSiO, that are characterized by different dissipa- 
tion constants, 6) and e, and have made the reasonable 
surmise that the differences are occasioned by aggregation 
or clustering. They make the further inference that the 
clustering detectable by changes in the very sensitive 
dissipation constants must have some effect on the spectral 
emission characteristics of the Mn?* as well. The above- 
mentioned behavior of sensitized phosphors does not 
support this second inference. Indeed, it shows that even 
a strong interaction with nearby cation substituents, such 
as Ce**, Sn?*, ete., has a negligible effect on the 
manganese emission spectrum, and offers no basis for 
expecting a profound effect on the emission spectrum when 
the neighboring ion is another Mn?+-ion. 

In view of the foregoing it is very difficult to accept 
Kroeger and Zalm’s conclusion that the cluster theory is 
simpler and more satisfactory than the coordination §pic- 
ture, despite the limitations of the latter hypothesis. 


CATHODE POLARIZATION POTENTIAL DURING 
ELECTRODEPOSITION OF COPPER, I 


L. L. Shreir and J. W. Smith (pp. 193-202) 


ABNER Brenner”: The authors assume that the solu- 
tion with the high polarization is pure and the solution 
with the low polarization is contaminated, but they have 
not shown this conclusively. There are two omissions in 
the investigation which might have helped to decide 
which solution was the purer. The authors should have 
studied the effect of activated carbon on the solution and 
should have determined whether the plastic cell which 
they used contaminated the solution. 

The results of the paper would be equally well explained 
on the assumption that the copper sulfate solution dis- 
solved enough organic matter from the plastic cell to in- 
crease the polarization of copper deposition. For example, 
the gradual increase in polarization which resulted from 
the continued electrolysis of the low polarization solution 
could be explained by the gradual increase in the amount 
of organic matter in the copper solution dissolved from 
the cell. The lowering of the polarization value of the 
Suich Solution on keeping for long periods at elevated 
temperatures might be explained on the basis of the 
decomposition of the organic compounds which were pro- 
ducing the high polarization. 

The above explanation would be in accord with the 
usual well-known effect possessed by most addition agents 
of increasing polarization and decreasing the grain size of 
deposits. 

Wituiam Bium®: Consideration should be given to the 
possibility that organic matter is extracted from the 
plastic cell. In that case, the original low polarization may 
be characteristic. 

L. L. SHremR AND J. W. Smiru: We appreciate fully the 


A. KROEGER AND W. HooGENsSTRAATEN, Physica, 
14, 425 (1948). 

7 A. KroeGer W. HooGENSTRAATEN, Physica 
15, 557 (1949). 

National Bureau of Standards, Washington, D. C. 
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points raised by Dr. Brenner and by Dr. Blum, as when 
we first noticed the two distinct behaviors dependent upon 
the history of the solution we naturally regarded the low 
CS.P. value and coarse deposit as being the true char- 
acteristics of a pure copper sulfate-sulfuric acid electro- 
lyte. This followed partly from the description which had 
been given by Gauvin and Winkler and partly from the 
general belief that impurities would, if anything, increase 
the polarization and reduce the grain size. Our initial 
investigations followed this line of reasoning, but the 
circumstances listed below show that the explanations 
which Dr. Brenner and Dr. Blum suggest are most im- 
probable: 

(a) Early measurements were made in a Bakelite cell 
and results identical with the later ones using a perspex 
cell were obtained. In fact, no evidence was obtained at 
any time that storage in contact with either of the plastic 
materials altered the characteristics of the solutions. 

(6) Suienh When prepared under rigidly controlled condi- 
tions gives a fine deposit when electrolyzed in a glass 
vessel, and Spow can be converted into Syigh by electrolysis 
in glass apparatus. 

(c) As pointed out in the paper, before stringent condi- 
tions of preparing the solutions were introduced all solu- 
tions made up during hot summer weather behaved as 
Stow, Whereas those prepared during cold weather behaved 
as Spigh. This was not consistent with the high values 
being due to uptake of impurity from the cell, which was 
always in contact with the solution at the same tem- 
perature (25°C). 

The most positive evidence in support of our views, 
however, lies in the behavior we have observed in the 
presence of very small traces of certain addition agents, 
and which is being communicated in detail soon. We find 
that as far as their effects on the deposition of copper from 
acid copper sulfate solutions of type Syigh are concerned, 
addition agents can be divided into two classes: (1) those 
which increase the polarization potential and decrease the 
crystal size, thus conforming to the generally accepted 
view [these include amino- and hydroxy-acids which form 
complexes with the cupric ion (glycine, aspartic acid, 
citrie acid, and tartaric acid)|, and (2) those which at very 
low concentrations decrease the polarization and increase 
the crystal size, with some brightening of the deposit 
{including hydrogen sulfide, carbon disulfide, sodium thio- 
sulfate, and thiourea]. At higher concentrations some of 
the second class, especially thiourea, produce bright de- 
posits with increase in polarization potential. 

In the present connection the second type is of particu- 
lar interest. Sodium thiosulfate at a concentration as low 
as 10-* — 10°°M reduces the polarization potential from 
100 my to about 30 mv and leads to coarsely grained 
deposits, i.e., the results are similar to those observed 
with Spow. Repeated reusages of this solution led to a 
progressive increase of the C.S.P. value such as was 
observed with Spow. Thiourea is of special interest since 
at a concentration of 1-10~°M it gave coarse crystalline 
deposits and a C.S.P. value of the order of 30 mv, but 
at 4-10-° and over it gave smooth bright deposits with 
C.S.P. values ranging from 168 my upward. Further, we 
have found that the effect of an addition agent of the first 
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type in producing a fine deposit and high polarization 
potential could be nullified by the addition of sulfur com- 
pounds in the second category. 

On this evidence we feel certain that it is the Spow} 
behavior which is abnormal. This is supported by the fact 
that on keeping Syich tends to pass into Spow and not the 
reverse, this change being the slower the purer is the solu- 
tion. It is well known that certain bacteria can live in 
copper sulfate and sulfuric acid solutions and have the 
ability to reduce sulfate. Hence the formation of traces 
of compounds of type (2) by spontaneous action is not 
unreasonable. 


ANODIC CORROSION OF LEAD IN H.SO, SOLUTIONS 
AND 
SOME PRELIMINARY STUDIES OF POSITIVE GRID 
CORROSION IN THE LEAD-ACID CELL 


J. J. Lander (pp. 213-224) 


A. G. Mituicgan”: The curves of Fig. 3 in the first paper 
show a rapid decrease in the weight loss between 1.0 and 
1.2 volts, but no experimental points are shown in this 
region. Is there any justification for believing that any 
protection against corrosion occurs below the PbOs/PbSO, 
potential of 1.181 volts? If so, how can one account for it? 

In regard to the second paper, the solid-phase reaction 
PbO. + Pb = 2PbO does not apparently occur in the 
lead-acid cell, where the increased resistance would be 
very noticeable and possibly fatal to the working of the 
cell, particularly if it occurred between the grid and the 
dense protective skin of PbOo where contact is most inti- 
mate. Can any part of Dr. Lander’s observations be ex- 
plained by atmospheric oxidation? It is observed that the 
lead surfaces were initially freshly abraded and that no 
mention is made of the ball-mill experiment having been 
made in an inert atmosphere. 

I do not think that the suggestion that the process 
provides a mechanism for the discharge reaction of the 
positive plate is tenable. It requires that the product of 
discharge shall be PbO which subsequently reacts chemi- 
cally with the acid to form PbSO4: the energy of this 
reaction would, therefore, be electrochemically lost and 
would appear as heat; but the emf of the lead cell requires 
the total energy of the double-sulfate reaction™ and the 
discharge reaction is endothermic. 

Nor, | think for similar reasons, can the PbO.-Pb 
contact potential form any part of the total cell potential, 
as is suggested. Such a potential would be instantly polar- 
ized on discharge, but no such abrupt change occurs in 
the lead cell. In any case, the potential is opposed to that 
of the active materials. 

J. J. Lanper: I should like to consider first Mr. Milli- 
gan’s remarks regarding energy of the discharge processes. 
My proposed mechanism results in end products which 
are the same as those obtained by the double sulfate 
theory; consequently thermodynamic calculations of the 
energy available for electrical work are identical in either 
case. This is not an attempt to change the double sulfate 


7 The Admiralty Engineering Laboratory, West Dray- 
ton, Middlesex, England. 

N. Craia ann G. W. Vina, J. Research Natl. 
Bur. Standards, 24, 475 (1940). 
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theory but to expand it by adding a mechanism for its 
occurrence. The fact that a cell reaction is endother- 
mic means that it converts heat energy to electrical en- 
ergy. Since the heat of the reaction: PhO + HSO, — 
PbSO, + HO would be produced in the cell, there is no 
reason why it should not be available for conversion 
into electrical energy. 

Regarding the corrosion process, I have obtained addi- 
tional data which, if correct, shows that the maximum 
in the corrosion curve does occur at voltages more nega- 
tive than the PbO»./PbSO, reversible potential (as much 
as 0.085 volt more negative in 1220 grams of acid at room 
temperature). The data from the paper indicate that 
PbO. formation results in protection. In this corrosion 
process, I believe that PbO» is not formed from PbSO,, 
but more likely by one or both of the reactions: 


Pb(OH). — PbO, + 2H* + 2e 
PbO + HO — PbO. + 2H* + 2e, 


Eo = +0.52 


which are thermodynamically possible. (These voltages 
are referred to the Hg /HgoSO, electrode in 40% by weight 
sulfuric acid at 20°C, as used in the paper.) The absence 
of PbO. in the corrosion product below the PbO2/PbSO, 
reversible potential might be accounted for by a polariza- 
tion of some sort, but more likely by the solid phase reac- 
tion which comes under discussion next. 

The ball-mill experiment employed a sealed bottle as 
mentioned in the paper. Os of the air in the bottle can 
account for but negligible formation of PbO from Pb and 
cannot account at all for disappearance of PbO». In the 
resistance experiments, it is true that air was available to 
the metal, yet sheets of lead left in the air for much longer 
periods of time did not exhibit a measurable contact 
resistance with the apparatus used. 

Concerning the resistance of the postulated PbO film, 
it can be estimated from the data in the paper and from 
the gross area of a certain type of grid that standing up to 
400 hours would produce a resistance polarization of about 
0.043 volt at the finishing rate. In the resistance experi- 
ment described in the paper, if the method is modified to 
pass current continuously (after the resistance is built up 
appreciably by allowing the system to stand), it is found 
that the resistance decreases with time to very small 
values. Therefore, I think it quite possible that a cell 
could stand production of PbO between the grid and the 
PbO» skin without harm and without a noticeable effect 
on the potential in ordinary cycling service. Nevertheless, 
this reaction could contribute appreciably to corrosion 
of the positive grid, if it takes place once for every stand 
or discharge as envisioned. 

Regarding the possibility of a contact potential, I should 
like to ask in return: Does anyone know where the po- 
tential of the positive plate resides? Also, what is the 
meaning of “potential of the active materials”? Again, 
why should the proposed contact potential be opposed to 
such an “active material potential”? Qualitatively, the 
contact potential is supposed to exist because of with- 
drawal of electrons from the grid metal by the PbO». On 
discharge the electrons in the system are moving in the 


same direction, so why should instant polarization be 
required? A build-up of excess negative charge on the 
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metal or in the PbO, would be allowed only when the 
rate of one of the chemical reactions involved becomes 
slow. These are presumed to be rapid wherever PbO. 
surface is available to the electrolyte. 

I should like to offer another experimental observation 
for what it is worth. If lead is corroded above the PbO./ 
PbSO, reversible potential so that a thin protective layer 
(presumably PbOs) is formed and then the current. is 
switched off, after a short time delay the brown film 
is observed to turn gray and x-ray analysis shows this to 
be PbSO,. If the brown film is really PbO», how else 
is it converted except by using the metal as a source 
of electrons? 

Contact potential or no, I have no doubt that the solid 
phase reaction does go by itself. I believe it possible that 
it might take place in the cell under stand or discharge 
conditions provided that existing potential conditions 
would allow it. It is conceivable that at and about the 
Pb/PbSO, potential the Pb grid is already at such a high 
positive potential that it will not allow loss of additional 
electrons to the PbOs. 


BRIGHT NICKEL PLATING ON METALLIC SINGLE 
CRYSTALS IN THE ABSENCE OF ADDITION AGENT 
Henry Leidheiser, Jr., and Allan T. Gwathmey (pp. 225-230) 


Morris Frernuers*!: Could the differences in the bright- 
ness and hardness of the electrodeposits on the (100) and 
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(111) faces be due to a difference in the hydrogen over- 
voltages of the two faces, leading to a difference in hy- 
drogen codeposition? 

Henry LetpHetser, Jr:: The excellent relationship 
between lattice spacing and hydrogen overvoltage® sug- 
gests strongly that the hydrogen overvoltage should be 
different on the various crystal faces, but no measure- 
ments of hydrogen overvoltage on single crystals have 
been made. All surface properties of single crystals in- 
cluding tarnishing, corrosion, electrochemical properties, 
wear, friction, wetting, catalysis, etc., have been found 
to be different on the various crystal faces and it is reason- 
able to suppose that hydrogen overvoltage should also be 
dependent on the crystal face exposed at the surface. It 
has been found that the deposit on the (100) face ex- 
hibits a lower overvoltage than the deposit on the (111) 
face during the electrodeposition of nickel on single crys- 
tals of copper. These measurements, however, are char- 
acteristic of the monocrystalline deposit on the (100) face 
and the polycrystalline deposit on the (111) face. 

We feel that differences in the behavior of hydrogen on 
the (100) and (111) faces of copper during the electro- 
deposition of nickel may offer an explanation of the 
results. 


*? Henry LeipuHetser, Jr., J. Am. Chem. Soc., 71, 3634 
(1949). 
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